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Abstract:
The overall aim of this thesis was twofold. Firstly, to evaluate how scanning force
microscopy (SFM) could be used to characterise the surfaces of immunosensors. Four
aspects of imrnunosensor characteristics where SFM has particular application
potential have been identified: (a) immobilisation chemistry and (b) the surface
density, (c) orientation and (d) specificity of the immobilised antibodies. Secondly, to
examine experimentally how the Explorer SFM instrument could be used for such
characterisation.

The Explorer SFM instrument is of an open-loop actuator design that is exposed to the
intrinsic inadequacies of piezoelectric actuators. In this regard, careful calibration has
shown that achieving high accuracy long-range height measurements with the
Explorer is particularly problematic when the actuator involved is used away from its
mid-range position. However, data has been obtained that enables these effects to be
quantified.

The Explorer has been used to image different imrnunosensor surfaces and the solid
supports on which they were built. The topographies of evaporated gold supports and
the immobilised antibodies were similar and nanogold conjugates were needed to
validate the presence of the antibodies. When immunosensors were built on smooth
silicon wafers the antibodies could be unambiguously imaged. The Explorer was able
to provide information on the surface density and a real distribution of antibodies. In
agreement with the literature, the Explorer could not directly identify by imaging
antibody orientations within immunosensors. However, indirect information on
antibody orientation could be inferred by imaging nanogold conjugates that had been

(ii)

bound to the antibodies. Another method to determine orientation, that can also be
used to determine specificity, uses force spectroscopy with biospecific SFM tips.
Whilst the Explorer was shown to be very capable of force spectroscopy it was found
to suffer from a level of drift that prevented the crucial correlation between force
spectroscopy data and image topography.

(iii)
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Chapter 1
Introduction to Scanning Force Microscopy
In this chapter the technique of scanning force microscopy (SFM) is introduced and
described.

Particular attention is given to the teehnologies that underpin this

technique and influence the application of SFM to the characterisation of the surfaces
of immunosensors.

1.1. A brief outline of the development of scanning probe
microscopy
At the interface between the bulk material and its environment, the surface of a solid
material has unique properties that include chemical composition and physical
structure. Several surface characterization techniques have been developed to
provide information about such properties. For example, the surface chemistry
techniques of X-ray photo-electron spectroscopy, Auger electron spectroscopy and
secondary ion mass spectrometry were developed in the 1960s to complement the
information on physical structure already provided by optical microscopy (OM) and
scanning electron microscopy (SEM).

Scanning probe microscopy (SPM) is a more recently developed branch of
microscopy that is now widely used to image several surface properties. SPM was
founded by the invention of scanning tunnelling microscopy (STM) in 1981 by
Binnig and Rohrer [1].

This ground-breaking technique enabled atomic-scale

imaging of the topography of conducting and semiconducting surfaces. Since then, a
large family of scanning probe microscopies that generate three-dimensional images
of surface properties, often with atomic-scale resolution, has evolved. Physical
topography, charge density, magnetic field and other surface properties can now be
imaged as illustrated in Table 1.01.
Technique

Scanning tunneling microscopy

Mode of Operation

Acronym

STM

Tunneling current controls Z-

Property imaged

Electron density of surface

regulating feedback loop

Atomic force microscopy
or

AFM, SFM

Scanning

Cantilever-spring deflection

Vertical force between tip and surface

controls Z-regulating feedback
loop.

force microscopy

Cantilever-spring deflection

lateral force due to friction-like force

or

controls Z-regulating feedback

and adhesion between tip and surface.

lateral force microscopy

loop while torsional deflection of

Friction force microscopy

FFM, LFM

spring is displayed

Magnetic force microscopy

MFM

Deflection of cantilever spring

Magnetic field gradient above a sample

caused by magnetic forces between
magnetized tip and surface
controls Z-regulating feedback
loop.

Electric force microscopy

EFM

Deflection of cantilever spring

Electric

field

gradient

caused by electrostatic forces

potential above a sample.

or

surface

between the tip and surface
controls the Z-regulating feedback
loop.

Scanning Kelvin probe
microscopy

SKPM

Capacitive force is measured

Surface contact potential

between oscillating tip and

sample

surfaces while the sample voltage
is varied until the electrostatic field
is compensated

above a

Scanning

capacitance

SCM

Capacitance is measured between

microscopy

Surface capacitance

oscillating tip and surfaces while
scanning a biased tip above the
sample surface

NSOM,

Near-field scanning optical
microscopy
or

Scanning

An optical fibre with a small

Either

transmission,

aperture is scanned in very close

reflection at surface.

emission

proximity to the sample, and
SNOM

near-fleld optical microscopy

transmitted, emitted or reflected
light is detected and/or analyzed
spectroscopically

Table 1.01. Details of eight scanning probe microscopies after [2].

OM

SEM

SFM

Operation

Air, liquid

Vacuum

Air, liquid, vacuum

Depth of field

Small

Large

Medium

Magnification

10'

10"

lO*'

Lateral resolution

1 flW

1 -5 nm

0.2-10 nm

Vertical resolution

N/A

N/A

0.1 nm

Key sample

Cannot be completely

Electrically conductive for

Tip and cantilever shape

restriction

transparent

best imaging.

and size determines

Vacuum compatible

access to surface
features

Contrast

Absorption and/or

Secondary electron

Direct XYZ

mechanism

Reflection of incident light

transmission in direction of

measurement of surface

detector

topography

Table 1.02. Comparison of key features of OM, SEM and SFM.

or

1.2. Scanning Force Microscopy
The most widely used member of the SPM family is the SFM. Invented in 1986 by
Binnig et al [3] SFM has provided topographical information of surfaces in a wide
range of scientific fields, such as physics, chemistry, biology and material science.
SFM imaging applications include metals [4], semiconductors [5], self-assembled
monolayers [6], cells [7] and viruses [8].
The application of SFM instruments overlaps OM and SEM as illustrated in Table
1.02. Two key advantages of SFM instruments are ultra-high resolution, threedimensional imaging capability and the ability to operate in vacuum, gas and liquid.
SFM is therefore able to study biological specimens and biomolecular processes in
native environments. Furthennore, SFM does not require technique-specific sample
preparation and can be used on a wide variety of sample types, ranging from hard
and crystalline to soft and pliable, and even living entities. Other t)^es of SPM, such
as the STM and the NSOM have comparable resolution, but they are both quite
limited in the surface properties to which they are sensitive and they require careful
sample preparation. The STM, in particular, requires an electrically conductive
sample, which in some cases is the water layer residing on the surface of a sample
under ambient conditions.
Soon after the invention of SFM it was realized that SFM instruments were capable
of far more than imaging surface topography. In many ways, SFM created a
revolution in microscopy and its development continues. For example, increased
scan rates and low-mass cantilevers enable faster imaging [9]. Arrays of
independently controlled probes [10] simultaneously scan neighbouring regions of

the sample. Lateral force microscopy [11] (LFM) where torsional movements of the
tip enable the investigation and quantification of mechanical surface properties has
opened up fields such as nanotribology [12] and nano indentation [13]. Other
developments include the use of SFM instruments in a non-imaging mode to measure
forces on individual molecules, such as the force-distance measurements of single
strands of DNA [14]. It can also act as an active tool that manipulates objects at the
nanometre scale [15], [16], [17].
The spatial resolutions of optical and electron microscopies are determined by their
wavelengths and are ultimately limited by diffraction limits which are particularly
limiting for OM. SPM does not suffer from a diffraction limit and spatial resolution
is determined by the size of the probe and its proximity to the sample surface. In the
case of SFM the radius of curvature of the tip is the most crucial factor.

1.3. Principle of operation of SFM instruments
The three dimensional profile of a surface is measured in SFM by monitoring the
position of the tip in three dimensions as it scans the surface. A feedback control
system keeps the force between the tip and the surface constant during the scan. Thus
the tip follows the surface profile, as one might do with a finger at a macroscopic
scale. As illustrated schematically in Fig. 1.01, all SFM instrument contain four main
system components: a tip-cantilever deflection system; a feedback system; a
piezoelectric scanner; and a computer that controls the instrument and stores the data.
The first and third of these are discussed in further detail in sections 1.5 and 1.6
respectively.

SCANMR C ONTROL
AND IMAGE DISPLAY

SCAN
CONTROL

ELECTRONIC
CONTROL
UNIT

DATA
ACQLTSITION

FORCE
SENSOR

SFM TIP
^

SCAN AND FEEDBACK
CONTROL

SURFACE

XYZ
SCANNTR

Figure 1.01. Main system components of a scanning force microscope after [18]
(reprinted with permission).
As illustrated in Figure 1.02, the heart of the SFM instrument is a sharp tip mounted
on a flexible cantilever. In turn, the cantilever is mounted on a piezoelectric scanner
that positions the tip in three dimensions (XYZ) with respect to the sample surface.
This scanned-cantilever arrangement corresponds to the design of the SFM
instrument used in this work: the TopoMetrix Explorer^”^ [i9]; hereinafter referred to
as the Explorer and shown in Fig. 1.03. Whilst most SFM instruments are of the
scanned-sample type, the principle of operation remains the same.

Laser Diode

Quadrant
Photodiode
Mirror

T B

Sctpoinl

xyz Piezo Scanner

Z stgnal

Errof signal

PID
Sample

Figure 1.02. Schematic diagram of a SFM instrument set up to image
topography. The T-B signal corresponds to the difference between the amount
of reflected laser light falling on the top and bottom quadrants of the
photodiode.

Figure 1.03. Explorer SFM instrument used in this work

As illustrated in Figure 1.02 the light from the laser diode is reflected from the upper
surface of the cantilever onto a quadrant photodiode. The cantilever is moved

towards the surface and when it is within several nanometres attractive force
interactions between the surface and the tip bend the cantilever. The position of the
light beam on the photodiode changes and the resulting change in signal from the
photodiode is used as the input to a control system that keeps the force between the
sample and the tip, and thus the tip to sample distance, constant. This “optical lever”
design is the most common method for measuring SFM cantilever deflections.
Once stable feedback is established by the three-temi proportional/integral/derivative
(PID) controller, the tip is scanned over the sample surface. The presence of a
negative feedback loop is one of the key differences between SFM instalments and
earlier stylus-based instruments such as stylus profilometers [20]. This feedback loop
consists of the scanner that controls the height of the tip, the cantilever and optical
lever which measure the local height of the sample surface and a feedback circuit
that keeps the vertical cantilever deflection (T-B signal in Fig. 1.02) constant by
adjusting the voltage applied to the scanner. A key point to note is that the faster the
response of the feedback loop, the faster these SFM instruments can acquire images;
therefore, a well-constructed feedback loop is essential to microscope performance.
Thus, as the tip is scanned laterally (XY), the feedback loop compensates for
variations in the height of the surface by adjusting the Z position of the scanner. The
computer system creates images of the sample from the XYZ data presented to the
scanner. Another key point to note is that the Z data contains wanted information
(surface topography) that is often refeaed to as foreground information and
unwanted information (such as sample tilt and scanner curvature) that is often
refeaed to as background information.

Image processing software is therefore

required to remove the background information and reveal the surface topography.

This process is referred to as levelling and can introduce artefacts into the image that
have implications for subsequent quantification [21], [22].

As illustrated in Fig. 1.04, the quadrant photodetector can also provide information
on the torsional movements of the SFM instrument’s cantilever during contact mode
imaging. These movements enable an additional lateral force image to be generated,
that is related to friction-like and adhesive interactions between the tip and the
surface, to be generated.
Quadrant Photodetector
Topography = (A+B) - (C+D)
Lateral Force = (A+C) - (Bt-D)

^
C

®
Laser Beam

Figure 1.04. Schematic diagram of the optical lever detection system.

1.4. Modes of operation in SFM
SFM instruments can be operated in different modes: contact mode, non-contact
mode and intermittent-contact mode (or TappingMode™ [23]). Figure 1.05
illustrates a model tip-sample approaeh curve, where the distance regimes correspond
to the different operational modes.

Force

I -

1

Figure 1.05. Model tip-sample approach curve showing cantilever behaviour at
different tip to sample distances.
Table 1.03 lists the operational modes of SFM and the relevant force interactions. In
contact mode, the cantilever is in direct contact with the surface as it scans across the
surface of the sample and thus repulsive forces are active at all times. In contrast to
contact mode, both the intermittent contact and non-contact modes are dynamic since
the cantilever is oscillated close to its resonant frequency above the surface. Further
details are given in the following sections.

Mode of SFM Operation

Interaction

Contact-Topography

Strong-repulsive, constant vertical force

Contact-Lateral Force

Strong lateral frictional and adhesive forces exert a torque on
the scanning cantilever

Non-contact

Weak-attractive vertical force: oscillating tip

Intermittent contact - TappingMode'^’

Strong-repulsive vertical force during contact part of cycle:
oscillating tip

Table 1.03. Mode of SFM operation and type of force interaction.
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1.4.1 Contact Mode
The first SFM instruments operated in contact mode [24] (known also as repulsive
mode) where the tip is brought towards the surface until the tip just touches the
surface as indicated in Fig. 1.06.

Figure 1.06. In contact mode the tip is always in contact with the sample
surface during imaging.
The value of the repulsive force on the tip is in the region of 10

N [25] and is

determined by the strength of the cantilever and the extent to which the cantilever is
bent away from the surface on contact. Contact mode can be operated in vacuum,
ambient atmosphere, other gases and in liquid. Under ambient conditions, sample
surfaces are covered by a layer of adsorbed gases consisting primarily of water
vapour, hydrocarbons and nitrogen of about 10-30 nm thickness [26] . When the tip
touches this contaminant layer, a meniscus forms by capillary action and the tip is
pulled towards the sample surface as illustrated in Fig. 1.07 The magnitude of the
force depends on the tip geometry, but is typically of the order of 100 nN. This
meniscus force may be neutralized by operating with the tip and part, or all, of the
sample immersed in liquid [27] .
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Figure 1.07. Capillary attraction of water layer on sample to hydrophilic tip.
Some samples, including semiconductors and insulators, can trap electrostatic charge
(only partially dissipated and screened in liquid), which can contribute to additional
substantial attractive forces between the tip and sample. All of these forces combine
to define a minimum vertical force that can be controllably applied by the tip to the
sample. This vertical force creates substantial lateral force as the tip scans over the
sample. In practice, it appears that this lateral force is far more destructive than the
vertical force and can damage the sample and/or the tip.
Biological samples are difficult to scan using contact mode because they are often
soft and/or weakly bound to their supports and therefore can be either damaged
and/or displaced by the scanning tip. Furthennore, many technological samples such
as semiconductor wafers cannot be immersed in liquid. To minimize such problems
non-contact SFM modes were developed and are illustrated in Fig. 1.08.
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(a)

(b)

(c)

Figure 1.08. Non-contact and intermittent contact SFM modes of operation (not
to scale). In (a) the oscillation is very small and the tip stays inside the
contamination layer (true non-contact). In (b) the oscillation is larger and the
tip leaves the contamination layer (near non-contact). In (c) the oscillations are
large and most of the tip oscillation is outside the contamination layer. After
[18]

1.4.2. Non-Contact Mode
Non-contact mode SFM was first introduced in 1987 [28] in an effort to more
accurately image soft biological samples. In this mode, the cantilever oscillates close
to its resonant frequency about 1-10 nm [29]

above the surface in order to detect

(ideally) the attractive van der Waals forces between the sample surface and the tip.
These force interactions induce changes in the amplitude, frequency and phase of the
oscillating cantilever as illustrated in Fig. 1.09 for the case of amplitude changes.
Corresponding changes also occur in the phase and frequency of the cantilever’s
oscillation. Ideally, the tip is oscillated within the contamination layer as shown in
Fig. 1.08(a). The oscillations required are small and it can be difficult to obtain high
quality images. The situation presented in Fig. 1.08(b) is more commonly achieved.
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(a)

(b)

(c)

Figure 1.09. Illustration of tip movements in non-contact mode SFM

In Fig. 1.09(a), the cantilever is driven near its natural resonance frequency at a given
amplitude of tip oscillation. As the tip approaches variations in the topography of the
sample (Fig. 1.09(b)), the increasing force interactions shift the resonance frequency
thereby causing the tip oscillation amplitude to change. In response, the negative
feedback controller drives the scanner, and thus the tip, to or from the surface to re
establish the original oscillation amplitude (Fig. 1.09(c)). As illustrated in Fig. 1.09,
the Z-motion of the tip (dashed line) tracks the topography of the surface. Noncontact mode can also be operated with the control loop keeping either the phase or
the frequency constant.

Whilst the latter requires differences in the electronic

instrumentation, the principle of operation illustrated in Fig. 1.09 still applies.
Because the forces on the sample are much lower than in contact mode, soft samples
can be imaged without damage. However, in ambient conditions the fluid
contaminant layer is substantially thicker than the range of the van der Waals force
gradient and thus, attempts to image the true surface with non-contact SFM in air fail
as the oscillating tip becomes trapped in the fluid layer or hovers beyond the
effective range of the forces it attempts to measure. The total force between the tip
and the sample in non-contact mode is commonly around 10 pN [30].
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Whilst imaging in liquid overcomes this particular problem, the cantilever
oscillations are now subject to the strong viscous damping of the liquid. Cantilever
oscillations are reduced with a consequent loss in sensitivity. Active-Q [31] control is
a technique that enables sensitivity to be recovered.
In ultra high vacuum (UHV) conditions the trapped water layer is absent and
contamination effects are negligible on well defined surfaces prepared in situ. Thus,
it is only in UHV and in the absence of other long-range forces (e.g. electrostatic or
magnetic) that van der Waals forces can be sensed.

1.4.3. Intermittent contact mode
Intermittent contact mode [32] was first introduced in 1993 [33] and is illustrated in
Fig. 1.10. In this mode the cantilever oscillates at its resonant frequency during
scanning. The height of the cantilever is adjusted so that at the apex of each
downward oscillation cycle, the cantilever gently touches or taps the surface, greatly
reducing damaging lateral forces and allowing high resolution topographic imaging
of samples that are easily damaged, loosely held to their substrate, or difficult to
image by other SFM modes.

Figure 1.10. In intermittent contact mode the cantilever is oscillated at resonant
frequency with the tip gently touching the surface at the low points of
oscillation.
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Notwithstanding the desire to gently touch or tap the sample surface, Fig. 1.11 shows
that cantilever tips can be easily damaged in intermittent contact mode.

Figure 1.11. SEM images of a new cantilever (left hand image) and after
imaging a silicon wafer in intermittent contact mode (right hand image).

1.5. Cantilevers for SFM
As shown in Fig. 1.12, the cantilever, a key part of the SFM instrument, consists of a
microscale structure with a sharp tip integrated at the free end.

Figure 1.12. SEM image of triangular cantilever viewed from the tip side
Typically, SFM cantilevers are made of Si or Si3N4 using microelectronic fabrication
processes [34]. Cantilevers can be prepared with different lengths, thicknesses and
shapes to provide different properties. Many different cantilevers are commercially
available; differing in their dimensions and shape, spring constant, material and
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design, tip coating, conductivity, etc. Upper image in figure 1.13 has the cantilever
tip on the substrate side shows the two general cantilever designs in common use: the
triangular cantilever; and the rectangular cantilever. The most flexible cantilevers
(both vertically and laterally) are those of a rectangular geometry.

Cantilever

\

Probe i Tip

---------- r-T—

\
Substrate

Substrate

Triangular
Cantilever

Rectangular
Cantilever

Figure 1.13. Side view of two types of cantilevers
The critical parameters for cantilever tips are the radius and the aspect ratio (i.e. tip
height/base width ratio or half-angle illustrated later in Fig. 1.16). As the aspect ratio
increases, the tip has greater access to smaller topographical features and thus the
resulting image is a closer representation of the actual surface. Carbon nanotubes
provide the highest aspect ratio tips [35].
Cantilever deflections obey Hooke’s law:
F = -k-Z

(1.1)

where k is the spring constant for the cantilever and Z is the deflection of the free end
of the cantilever. The spring constant of the cantilever is chosen to limit the force
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exerted on the sample surface and is typically in the range of 0.01-100 Nm'', with the
smaller values being used for contact mode [36], k is dependent on the cantilever’s
physical dimensions, i.e. width, length and thickness (w, L, t) and the elasticity of the
material (modulus of elasticity, E).
For a rectangular cantilever the spring constant is expressed as:

k=

Et^w
(1.2)

The mechanical resonant frequency ^ of a cantilever is proportional to:
/
m = —

E

L^ip

—

(1.3)

where p is the density of the material.

Commercially available cantilever tips are micro fabricated in three geometries:
conical (sharp with a high aspect ratio, especially useful for imaging features that are
deep and narrow. Diameters of 5 nm have been made), tetrahedral and pyramidal
(lower aspect ratios with tip diameter in the range of 10-50 nm). Different
perspectives of a new pyramidal cantilever tip are shown in the SEM images of Fig.
1.14.
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Figure 1.14. SEM images of the tetrahedral tip of a new SFB 11 non-contact
Ultrasharp^'^’ [371 cantilever.

Different imaging modes tend to use eantilevers with specifie properties. Cantilevers
with small foree eonstants are most suitable for imaging soft materials while rigid
cantilevers are needed for probing the nanomechanical properties of the sample
surface and also for non-contact mode SFM measurements. Typical spring constants
available for commercially manufactured SFM rectangular cantilevers range from
0.01 N/m to 75 N/m. These enable forces as small as 10'^ N to be measured in
liquids.
The force measured by the cantilever is the sum of the interactions between the
atoms of the tip apex and those of the sample being imaged. Therefore, the image is
a convolution of the tip sample and of the sample topography. The smaller the radius
of the tip then the smaller the number of interacting atoms, thereby resulting in a
more accurate image (see Fig. 1.15).
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T.p

Tip-

Figure 1.15. Limitations of tip size

However, the relationship between the tip and the sample has some additional
complexities as illustrated in fig. 1.16. Firstly, standard SFM instruments cannot
reach re-entrant regions. Furthermore, the imaged width of a feature of interest is
enlarged as a result of the side of the sample imaging the side of the tip; the extent of
enlargement depending on the relative sizes of the feature and the tip. It should be
noted however that provided the tip has unrestricted access to the sides of the feature
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and that there is no deformation of the tip or the feature then heights will always be
correctly measured.

Feature of interest

Tip aspect
ratio

AFMtip

Tip radius

Tip imaging

Re-entrant region

Figure 1.16. SFM tip sample relationship
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1.5.1.1 SEM imaging of SFM tips
Often in SFM experiments, the geometry of the tip needs to be determined. SFM tip
characterisers are one option. These are structures fabricated with a known shape
that are imaged by the SFM tip of interest. Software is used to deconvolute the
resultant SFM image with the known sample geometry, thereby revealing the SFM
tip shape. An alternative method used in this work was SEM imaging of the SFM tip
using a JEOL Ltd. Model 35CF instrument. SEM imaging took place without any
electrically conductive coating of the cantilevers or tips. Whilst the resulting sample
charging limited the quality of the SEM images this approach enabled SFM tips to be
imaged before and after imaging, as illustrated in Fig. 1.17.
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Figure 1.17. SEM images of (a), (b) new SFM tips and (c), (d) after use in
intermittent contact on antibody coated silicon wafers.

1.6. Piezoelectric actuators and their behaviour
1.6.1. Piezoelectricity
To move the tip to the sample surface at the sub-atomic scale SFM instruments use
the phenomenon of piezoelectricity [38]. Piezoelectricity is a property of certain
classes of crystalline materials including natural crystals of Quartz, Rochelle Salt and
Tourmaline and also manufactured polycrystalline ceramics such as Barium Titanate
and Lead Zirconate Titanate (PZT).
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In a piezoelectric crystal the positive and negative electrical charges are separated,
but symmetrically distributed, so that the crystal is neutral overall as illustrated in
Fig. 1.18. When a stress is applied, this symmetry is destroyed and the charge
asymmetry generates a voltage. Thus piezoelectric ceramics are a class of materials
that expand or contract when in the presence of a voltage gradient or, conversely,
create a voltage gradient when forced to expand or contract [39].
The piezoelectric effect for a given item depends on the type of piezoelectric material
and the mechanical and electrical axes of operation. These can be precisely oriented
within the ceramic. The poling field can be applied so that the ceramic exhibits
piezoelectric responses in various directions or a combination of directions. The
poling process permanently changes the dimensions of a ceramic element.
Piezoelectric

crystals

are

anisotropic;

their

electrical,

mechanical,

and

electromechanical properties differ for electrical or mechanical excitation along
different directions.
Piezoelectric polycrystalline ceramics are isotropic and are not piezoelectric before
poling. Once they are polarized, however, they become anisotropic. After the poling
process is complete, a lower voltage than the poling voltage changes the dimensions
of the ceramic for as long as the voltage is applied.
A voltage with the same polarity as the poling voltage causes additional expansion
along the poling axis and contraction perpendicular to the poling axis. A voltage with
the opposite polarity causes contraction along the poling axis, and expansion
perpendicular to the poling axis. In both cases, the ceramic returns to its original
poled dimensions when the voltage is removed from the electrodes.

23

o

:Pb

O :0
•

:Zr/ri

Figure 1.18. PZT crystal structure . PZT unit cell in the symmetric cubic state
above the Curie temperature and tetragonally distorted unit cell below the
Curie temperature.
Each piezoelectric material has a particular operating limit for temperature, voltage,
and stress. The particular chemical composition of the material determines the limits.
As the operating temperature increases, piezoelectric performance of a material
deereases, until complete and pemianent depolarization occurs at the material's Curie
temperature. Generally the operating temperature must be substantially below the
Curie point. The material's temperature limit decreases with greater aeeumulated
operation.
A piezoelectric ceramic can be depolarized by a strong electric field with polarity
opposite to the original poling voltage. The limit on the field strength is dependent on
the type of material, the duration of the application, and the operating temperature.
Some of the typical operating limits are between 500V/mm and lOOOV/mm for
continuous application. Alternating fields have the same effect during the half eycle
which is opposite to the poling direction. Thus, piezo seanners that are operating
using bipolar fields must be operated within the depoling limits.
The maximum extension of a single piezoelectric element is in the mierometre scale.
Amplification is often required and is t>pically aehieved using staeks of several
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piezoelectric elements connected mechanically in series and electrically in parallel.
The displacement of the whole stack is equal to the sum of the individual
displacements. Stacks are generally required for applications requiring large
displacements (typically between 5 and 180pm).

1.6.2. SFM scanners

There are two types of SFM scanner in use: the tube scanner; and the tripod scanner.
Most SFM instruments use one type or the other with the tube scanner being the most
common. As discussed in more detail in Chapter 2 the Explorer can be configured
with both scanners, albeit not at the same time.
Tube scanners combine a simple monolithic construction with high stability and
large scan range. As illustrated in Fig. 1.19, the ceramic tubes are silvered inside and
out and operate by the transverse piezo electric effect. Four longitudinal electrodes
cover the outer surface of the tube while a single electrode covers the inner surface.

-Y
•X

+X
+Y
Top View

Side View

Figure 1.19. Schematic of tube scanner movement (left) and top and side views
of electrode arrangements of tube scanner.

When an electric voltage is applied between the four outer and the single inner
electrodes, the tube moves axially and radially. When differential drive voltages are
placed on opposing outside electrodes one side of the tube expands whilst the other
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contracts, thereby bending the free end. The detection of atomic-scale images
requires a short tube scanner with a piezomechanical coefficient in the 0.15-0.2
nm/'V range. For large-scale XY scanning (which covers an area larger than 100/xm x
1 OOjLim) it is necessary to use a long-tube scanner with a piezomechanical coefficient
in the 200-300 nm/V range [34].
A significant deficiency with the tube scanner is that the monolithic construction
makes it easier for the scanner to move diagonally as neighbouring quadrants are
working together. For movements at 45“ to the diagonal, neighbouring quadrants are
working against each other. Therefore, the tube scanner travels further diagonally
resulting in pin-cushion type distortion (scale exaggerated in simulation) as indicated
in the simulated image of Fig. 1.20.

Figure 1.20. Simulated distortion
movements in a tube scanner.

(exaggerated) due to coupling of XY

The tripod scanner shown in Fig. 1.21 has a more complex design. It consists of three
discrete actuators mounted orthogonally in the X, Y and Z axes. One end of each
actuator is bound to the body of the SFM instrument while the other ends are bonded
together. There is greater decoupling of the actuators and thus less image distortion
compared to the tube scanner
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Figure 1.21. Tripod scanner overview.

1.6.3. Open-loop versus closed-loop actuation
There are two ways in whieh piezoeleetrie actuators are deployed in SFM
instruments: open-loop actuator; and closed-loop actuator. In open-loop actuator
designs a given displacement is presumed to occur for a given voltage input.
However, piezoelectric actuators suffer from inadequacies that are discussed below
and the displacements achieved are not always what are expected.

Closed-loop

actuator designs overcome these inadequacies by using a displacement sensor to
feedback the achieved displacement to the controller providing the voltage to the
actuator.

1.6.4. Behaviour of Piezoelectric Actuators.
1.6.4.1. Hysteresis.
Hysteresis of a piezoelectric scanner is illustrated in Fig. 1.22. The amount of
hysteresis in a piezoelectric scanner is defined as the ratio of the maximum
divergence between the ascending (forward scan) and descending curves (reverse
scan) to the maximum extension of the scanner. Hysteresis effects can be as high as
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15% in piezoelectric scanners. As a result of hysteresis the Explorer only builds
images from forward scan data. In closed loop actuator systems hysteresis can be
fully compensated through software corrections and data from both forward and
reverse scan-lines can be used to build images.

Figure 1.22. Illustration of hysteresis in a piezoelectric scanner (reproduced
with permission A. Grant PhD thesis [18])
1.6.4.2. Creep.
Creep is a change in displacement with time that occurs without any accompanying
change in the applied voltage as illustrated schematically in Fig. 1.23. It is
particularly evident when a new scan-line commences in an image as the voltage
change on the scanner at turnaround from reverse to forward is at a maximum. In
consequence there will be some stretching or distortion of features at the beginning
of the scan-line. Creep effects can be noticeable for as much as 20% of the total
length of the motion, and can last several minutes [40], [41]. SFM instruments with
closed-loop actuators do not suffer from this effect. The Explorer SFM minimises the
problem by using a gradual (soft) turnaround before each scan-line and by
overscanning i.e. moving greater distances than are necessary for the image size.
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Figure 1.23. Creep of a piezoelectric actuator.
1.6.4.3. Non-linearity.
Non linearity is evident in Fig. 1.22 where the perfect instrument line shows the
performance expected from an ideal scanner. In open-loop actuator scanners the non
linear behaviour is corrected by computer software.
1.6.4.4. Ageing
Ageing is an effect produced over time as the number of aligned dipoles reduces with
the scanner range reducing accordingly.

This process increases with increasing

temperature as illustrated in Fig. 1.24. Regular use of the scanner counteracts this
problem.
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Figure 1.24. Variation with the temperature of the piezoelectric coefficients of
PZTs, after Chen [421

1.7. Concluding remarks
The aim of this work is to determine the potential of SFM in characterising the
surfaces of immunosensors. In this context, there are two key conclusions that can be
drawn from the presentation in this chapter of the technique and technologies of
SFM. Firstly, given that immunosensors are based on biological samples, noncontact SFM imaging was necessary to minimise sample damage. Secondly, as the
Explorer, the SFM instrument available for this work, is of the open-loop actuator
type it is fully exposed to the inadequacies of piezoelectric actuators. Thus it was
necessary to carry out calibration experiments on the Explorer before using this
instrument and this is the subject of the next chapter.
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Chapter 2
Calibration of the XYZ actuators of the Explorer
scanning force microscope
The previous chapter demonstrated inter alia the importance of understanding the
deficiencies of the piezoelectric actuators used in SFM instruments, particularly
those of the open-loop actuator design used in the Explorer. In this chapter, the
consequent and general need for calibration of SFM instruments is discussed.
Details of the specific calibration of the XYZ actuators of the Explorer are then
described.

2.1. The need for calibration
A key advantage of SFM is that image contrast is derived from actual height (Z)
measurements of surface topography obtained at specific lateral (XY) positions. This
is unlike OM and conventional SEM where image contrast is determined from the
slopes in surface topography. However, as discussed in the previous chapter,
piezoelectric actuators suffer from a number of deficiencies that may affect the
validity of the measurement information from which SFM images are constructed.
An inter-laboratory comparison of nanometric step heights made by Senoner et al.
[43] identified calibration deficiencies as being the most important reason for the
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measurement deviations observed amongst the forty-one instruments used in that
study. The study revealed that the deviations from the reference values ranged from
below 1% to more than 20%. Whilst 20% of the participants measured step heights
to within 2% of the true value, a similar percentage deviated by more than 10% from
the true value. Interestingly, the study showed that open-loop actuator instruments
perfomied as well as closed-loop actuator instruments. Indeed, Roe et al.[AA]
identified the variation over time of the sensitivity of the Z piezoelectric actuator of
the tripod scanner of an open-loop Explorer as being the greatest contributor to the
error in step height measurement. Encouragingly, these authors showed that the
uncertainties introduced by such actuator behaviour could be overcome by very
frequent calibration. Therefore, it can be concluded that by not understanding how
SFM instRiments behave users may have a greater influence on the quantitative
performance of the SFM instrument than the instruments themselves.
Several authors have carried out studies of the behaviour of piezoelectric actuators.
Some studies concentrated on the XY behaviour of the actuators [45], [46], [47]
whilst others dealt with Z behaviour [48], [49]. A number of studies have been made
on tube scanners [50], [51], [52] whilst others concentrated on tripod scanners [53],
[54]. Heyde et al. [55] have made a particularly intensive study of the behaviour of
the Z actuator of the tripod scanner and the tube scanner of the open-loop Explorer.
From the prior work, it is clear that the calibration of open loop Z actuators of SFM
instruments is affected by a number of factors. Firstly, the sensitivity of a given
actuator increases with increasing voltage sweep but decreases with increasing
voltage sweep rate. Secondly, the amount of hysteresis inereases with increasing
voltage sweep and with increasing voltage sweep rate. Furthermore, the movement of
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an actuator, and its repeatability, depend on the history of the actuator. These effects
have only been partly recognised by the manufacturers of the open-loop Explorer in
providing preset, linearised, calibrated XY scan ranges of the tripod scanner. Users
of the open-loop Explorer model can select their own scan ranges but need to realise
that these are uncalibrated. Furthermore, open-loop Explorer users need to
understand that changing the scan speeds for any range, whether calibrated or not,
changes the range obtained. A particularly important aspect of Heyde et al.'s work
was the effect of applying a voltage offset to the Z actuator; the sensitivity of the
actuator changed with the voltage offset and these authors pointed out the
implications of such behaviour for height measurements. Crucially, the Z actuator of
the tripod scanner of the open-loop Explorer is only calibrated at the mid-point of its
range and this is the subject of specific study in this work.

There is a range of standard samples available for ealibration of SFM image scales
[56]. For calibration of the X and Y axes the samples usually take the form of line
gratings or 2D arrays of known average pitch. For calibration of the Z axis scale the
sample is usually a known step height, either a single raised line, groove or a waffle
plate pattern. Full calibration of the SFM instrument requires a range of standard step
heights and pitches that adequately cover the XYZ ranges of the instrument. An
alternative approach is to use a calibrated displacement sensor to calibrate the
actuators. Both approaches are used here.
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2.2. The Explorer SFM Instrument
The Explorer is a multipurpose, free-standing, scanned cantilever instrument capable
of imaging samples of the widest range of sizes and shapes given that it can be
placed directly onto most large samples. It includes an integral CCD video camera
for viewing the tip and sample at a 45° angle. Imaging can be performed in ambient
conditions or within a liquid. The Explorer is a hybrid instrument that can be
configured as a tripod scanner for long range XY scanning (typically up to 150 fim in
X and Y) or as tube scanner for short range XY scanning (typically up to 2.5 fim in X
and Y).

Fig. 2.1 shows the schematic arrangement of the Explorer for long range XY
scanning. One of the long range XY piezoelectric actuators is shown pushing against
the tower that holds the laser and the plate onto which the Z actuator (e.g. Fig.2.2(c))
is mounted (the dotted line in Fig. 2.1 shows the location of a Z actuator). The other
XY actuator is at right angles to the one illustrated. Springs returns the tower when
the XY actuators retract.
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Figure 2.1. Schematic representation of the Explorer

c
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Figure 2.2. Views of (a) XYZ tube scanner for air operation, (b) XYZ tube
scanner for liquid operation and (c) Z actuator of tripod scanner set-up.
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When the Explorer is configured for short range scanning, the long range XY
actuators are disconnected and the tower is locked into its central position with a
screw. The Z actuator is then replaced by a XYZ tube scanner (e.g. Fig. 2.2(a),(b)).
The SFM cantilever is glued to a semi-circular metal plate that is held in turn by two
small magnets onto the end of the scanner.

Roe et al. [57] have shown that the most stable imaging performance with the
Explorer was obtained by firstly, leaving the low voltage electronics on overnight
and secondly, by scanning in free space for a “warming up” period before imaging.
Both precautions were adopted during this work.

2.3. Calibration using a fibre-optic displacement sensor
Heyde et al. [55] have shown that a relatively low cost optical displacement sensor
can be used to study the behaviour of piezoelectric actuators and to calibrate them.
In the work reported here, the performance of the Z actuator was studied using such a
fibre-optic displacement sensor (Model D20-A1H1, Philtec, Annapolis MD, USA),
hereinafter referred to as FODS, as the key component in the custom calibration unit
shown in Fig.2.3. The FODS calibration curve is shown in Fig. 2.4. The sensor has
two highly linear regions either side of the peak response with sensitivities of 10.9
nm/mV (near-side response) and - 97 nm/mV (far-side response) respectively. A
front surface mirror consisting of a piece of polished silicon wafer was attached to
the Z actuator (instead of the cantilever) and the SFM instrument was placed on the
mounting plate of the calibration unit. The fibre optic probe was mounted on an
XYZ manipulator constructed from modular, micrometer driven, linear translation
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stages. This manipulator was manually adjusted in order to position the probe in
front of the mirror and to locate the peak in the response shown in the calibration
manuals. Then, the gain of the amplifier of the optical fibre sensor was adjusted to
give an output of 5V at the peak response. The calibration curve was then valid and
used to convert the sensor output voltage into distance to an accuracy of + 1% within
the linear regions of the response curve.

Figure 2.3. The FODS based calibration unit with an Explorer mounted for
calibration of its Z actuator

37

0.75 mm

Front surface mirror Z-actuator

Fibre-optic bundle

Figure 2.4. Calibration curve for FODS. The graph shows the response of the
FODS to the gap between the fibre-optic probe and the front-surface mirror.

2.4. Calibration using step height standards
The Z displacement behaviour of the Explorer, when set up in long range (tripod)
mode, was determined by analysing the step-heights in SFM images of commercial
calibration artefacts for different operational settings.

The Explorer was operated in contact mode in air with either triangular silicon
UltraSharp^'^ [58] cantilevers (type CSC21/3, MikroMasch, Tallinn, Estonia) or
rectangular silicon Pointprobe'^ [59] cantilevers (Nanosensors, Wetzlar, Germany).
The UltraSharp^'^ cantilevers had the following characteristics (manufacturer’s
specifications): resonant frequency 15 kHz; spring constant 0.03-0.30 Nm"'. The
Pointprobe^”^

cantilevers had the

following
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characteristics

(manufacturer’s

specifications): resonant frequency 14-18 kHz; spring constant 0.18-0.45 Nm'^ The
line-scan rates during contact mode imaging were typically in the range 0.67 to 1 Hz.

Figure 2.5. Top view (above) and 3D view (below) SFM images of calibration
standard with the plateau clearly visible on the left side of each image.

Calibration standards were placed onto a manual XY sample translation stage. The
o

SFM was adjusted to be level, i.e. the tilt in the image was less than 1 within the X
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and Y directions, thereby ensuring that the maximum error in step-height
measurement due to sample tilt was less than +0.1% [57]. Unless stated otherwise,
feedback was engaged with the Z actuator of the SFM at its mid-position. The step
height standard was positioned so that feedback engaged on the plateau bordering the
step heights. This plateau is clearly visible on the left hand side of the top view and
3D view SFM images in Fig. 2.5.
The image pixel resolution chosen (typically 300 pixels x 300 pixels) was a
compromise that maximised the accuracy of the step height measurement and
minimised the image acquisition time. All images were planar levelled using the 3point planar levelling algorithm within the Explorer softv/are. This levelling
algorithm has been confirmed as being free of any artifacts that affect the accuracy of
subsequent step-height measurements [57]. Heights within the SFM images were
analysed using either software written in Matlab (Release 12, The Mathworks,
Natick MA, USA) or the critical dimension (histogram method) function within
SPMLab version 5.

2.5. Effect of offset on the Z actuator calibration
As noted above, Z actuators are normally operated so that the SFM instrument goes
into feedback with the actuator in its mid-range position, thereby providing equal
dynamic range for positive and negative Z measurements. However, with many
samples the topography results in a completely asymmetric voltage sweep. For
example, with a step height artefact, the Z actuator goes into feedback on either the
top or bottom of the step, as there is no stable mid-position available, and an
asymmetric topography ensues. Furthermore, many SFM instruments allow the user

40

to apply a Z actuator offset for operational reasons, such as coping with large-scale
asymmetric sample topographies or offsetting sample tilt and/or surface form. This is
illustrated schematically in Fig. 2.6 for sample tilt and figure 2.7. for asymmetric
sample topography.

Figure 2.6. Schematic representation of offset changes arising from the sample
tilt with feedback engaged on the left hand side (solid SFM tip).

Figure 2.7. Schematic representations of offset changes arising from the
asymmetric sample topography. Feedback was engaged on the left hand side
(solid SFM tip). The dashed lines denote the mid-points of the Z movements
needed to image the topography.
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In order to investigate the effect of Z actuator offset, a 512 nm step height standard
was imaged at different offsets with two Z actuators of the Explorer. The step
heights measured from these images are plotted against Z actuator voltage in Figs.
2.8 and 2.9 for each Z actuator. There is a decrease in sensitivity as the Z voltage is
decreased and there is clear hysteresis in the behaviour of the Z actuator. When an
SFM is in feedback, a reduction in the sensitivity of the Z actuator means that more
voltage is needed for the actuator to traverse a given step height and thus the SFM
will overestimate the height.

Figure 2.8. Z height versus offset voltage for Z actuator #1
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Figure 2.9. Z height versus offset voltage for Z actuator #2
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Returning to Figs. 2.6 and 2.7, it is clear from the above data that the sensitivity of
the Z actuator changes with offset voltage and thus the accuracy of height
measurements will be affected by significant sample tilt or significant asymmetry in
topography. The data in Figs. 2.8 and 2.9 enable an assessment of the likely errors
that will ensue for specific cases. For example, changing the offset by 20% of the
actuator’s full dynamic range can lead to step height measurement errors of
approximately 7%.

2.6 Calibration results
2.6.1. Z calibration of the Explorer in short range (tube scanner)
mode.
The tube scanner, serial number: E-419514, of 1 /xm nominal Z range was calibrated
by imaging the calibration grating TGZOl with a step height of 22 nm and a pitch of
3 jum. The general structure of the calibration grating is shown in Fig. 2.10. A
contact SFM image of the calibration grating is shown in Fig. 2.10 and a sample line
scan from this image is shown in Fig.2.11 and a sample line scan from this image is
shown in Fig. 2.12. The average step height measured was 42 + 0.5 nm as opposed
to the 22 + 0.22 nm manufacturer’s calibration for the step height. Whilst this is a
significant error it must be put into context given that the Z range of this tube scanner
is 1000 nm. 22 nm represents a little over 2% of the Z range of this tube scanner and
this deviation probably reflects the limit in linearity of the Z actuator. Whilst the
calibration file for this tube scanner could be altered to enable the correct values to
be displayed at very small Z ranges there would then be significant errors at large Z
ranges.

A better procedure is to note the calibration conversion needed and to
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implement same on the images using the post-acquisition calibration feature of the
Explorer software.

Figure 2.10. Schematic representation of TGZ series gratings.
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Figure 2.11. Contact SFM image of TGZOl grating.
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Figure 2.12. Line measurement analysis of TGZOI grating image of Figure 2.11.

2.6.2. Z calibration of the Explorer in long range (tripod) mode
The Z actuator, serial number: E-059422, of 5.68 /xm nominal range was calibrated
using the FODS described earlier. A front surface mirror of silicon was attached to
the scanner and the FODS was adjusted vertically to the peak response setting
described earlier. The Z scanner was exercised over its full input voltage range and
the following FODS voltage difference was observed between maximum retraction
and maximum extension:
AV=(520± l)mV
as illustrated in Fig. 2.13. Converting the above value using the FODS calibration
data (10.902 nm/mV) yields:
AZ=(520± l)x (10.902) nm
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AZ=(5.67 ± 0.02) /xm
in very good agreement with the nominal range provided by the manufacturer.

Calibration Scanner E069422

—

Ml

111 p ijii lHiiynTi’
y = 0 0029*+ 3 0804

y = .0 0013*-r 2 5457

Figure. 2.13. Calibration data for scanner E059422

2.6.3. XY calibration of the Explorer in short range (tube scanner)
mode
The tube scanner, serial number: E419514 of 2.5 /xm nominal XY range was
calibrated using the FODS as described above. On this occasion the FODS and the
silicon mirror were arranged horizontally, and the FODS was adjusted to the peak
response setting described earlier. The XY ranges of the tube scanner were exercised
over their full input voltage ranges and the following FODS voltage differences were
observed for the scan range extremes:
AVx=(227± l)mV

AVy=(230± l)mV
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Converting the above values using the FODS calibration data (10.902 nm/mV)
yields:
AVx = (227± l)x (10.902) nm
AVy = (230± 1)x (10.902) nm
AX =(2.47 ±0.02) /xm
AV= (2.50 ±0.02) /xm

in very good agreement with the nominal range provided by the manufacturer.

2.6.4. XY calibration of the Explorer in long range (tripod) mode
The FODS must remain at right angles to the silicon mirror at all times during
calibration for accurate performance. When the Explorer is in long range (tripod)
mode, full-range XY scans have a curved trajectory that prevents the FODS from
being used. Instead, XY calibration was performed by imaging a commercial TGGOl
calibration grating.

The TGGOl series of silicon calibration gratings is a 1-D array of triangular steps
having precise linear and angular dimensions defined by the crystallography of
Silicon (<111> plane) and maintained with high accuracy. The peaks of the
triangular steps have curvature radii less than 10 nm.

Figure 2.14. Schematic diagram of TGGOl grating
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The calibration grating was manually adjusted so that the grating was aligned with
the XY scan axes of the Explorer. Images of 130 fim x 130 jum (maximum range on
this Explorer) were obtained for two situations; namely, the calibration grating
aligned with the Y scan axis and then with the X scan axis. The latter is achieved by
rotating the scan axes of the Explorer and so the image alignment does not alter in
the images shown below. The images were 3 point levelled and adjusted for
maximum contrast.

Figure 2.15. Image of TGGOl grating aligned with Y axis of Explorer
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Figure 2.16. Image of TGGOl grating aligned with X axis of Explorer

The peak/va!ley function of the Explorer software was used to calculate the pitch of
the calibration grating from the images of Figs. 2.14 and 2.15. A correction was
made for the slight misalignment observable in Fig. 2.14. The pitch values obtained
were 3.04 /xm for the Y axis calibration data of Fig. 2.14 and 3.05 /xm for the X axis
calibration data of Fig. 2.15. These values are very close to the calibration value of
the grating of ( 3 + 0.03 ) /xm and no alterations were made to the calibration file.

2.6. Concluding remarks
The Explorer is an open-loop actuator SFM instrument and as such is fully exposed
to the inadequacies of piezoelectric actuation. Detailed knowledge of the behaviour
of open-loop actuators is vital in optimizing the quantitative performance of SFM
instruments.

Calibration experiments with the Explorer have confirmed that the

greatest calibration uncertainties arise with Z measurements rather than with XY
measurements. Nonetheless, careful and frequent calibration enables accurate threedimensional quantification of SFM images. A particular intensive study of the Z

49

actuators used in the long-range (i.e. tripod) application of the Explorer has revealed
deficiencies in calibration when the actuator is operating away from the mid-point of
its range. Data has been obtained that enables an assessment of the calibration errors
that are likely to be introduced when offset voltages are applied to the long range Z
actuator.
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Chapter 3
Immunosensors and their characterisation
In this chapter the types of classification and application of biosensors, in general
and immunosensors in particular, are presented. The need to characterise
immunosensor surfaces is summarised and the potential roles of SFM in such
characterisation are introduced and discussed.

3.1 Introduction to biosensors and immunosensors
A biosensor can be defined in a number of ways. For example, it is a detection
device that detects physiological [60] or bio-chemical [61] change. The term
biosensor has also been applied to devices used to monitor living systems [62]. Van
Emon and Lopez-Avila define it as an integration of a biological sensing element,
such as an antibody, coupled with a transdueer, that generates a signal that can then
be amplified [63]. The transducer may be optical, electrochemical, thermometric,
piezoelectric, mechanical or magnetic. The usual aim of a biosensor is to produce
electronic signals that are proportional to the amount of a bound single analyte or a
related group of analytes.
The biosensor integrates a biological recognition element that enables a biospecific
interaction with the analyte (bioreceptor) with a transdueer and a system that treats.
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displays and records the signal. Fig. 3.01 illustrates schematically the concept of the
biosensing process.

Molecular
Recognition

Measurement

Transducer

Data Recording
and Display

Figure 3.01. Schematic of a biosensor

This type of device takes advantage of firstly, highly specific biological interactions
between the bioreccptor and the target analyte and secondly, a significant response
by the transducer to these interactions. When compared to conventional laboratory
analytical instruments, biosensors are increasingly characterized by integration of the
instrument components into high performance and low cost packages.

The first biosensor developed was based on the specific catalytic interaction of the
glucose oxidase enzyme with glucose by Clark and Lyons [64], and Updike and
Hicks [65], in the early 1960s, which uses an enzyme to break blood glucose down.
In so doing it transfers electrons to an electrode as a measure of blood glucose
concentration [66].

A list of bioreceptors, and their tranducer principles, used for chemical and
biosensors is given in Table 3.01.
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Transducer Principle

Bioreceptor
Organism

Electrochemical:

Microorganisms

-potentiometric

Plant and animal tissues

-amperometric

Cells

-conduct! metric

Organelles

-voltammetric, polarographic

Membranes, bilayers and monolayers

-impedimetric, capacitive

Enzymes

-piezoelectric

Receptors

Optical:

Antibodies

-transmission/absorbance/reflection

Nucleic acids

-dispersion, interferometric

Natural organic and inorganic molecules

-polar! metric

Micelles, reversed micelles

-circular dichroism, cllipsometry
-scattering
-emission intensity, photon counting (luminescence), decay time

(alorimetric
Acoustic/gravimetric:
-surface photo-acoustic wave
-quartz microbalance

Table 3.01. Biosensors for medical and biological applications after [67]
The main characteristics required when designing or selecting a biosensor are
linearity of response (particularly important for maintaining sensitivity over a wide
dynamic range as well as for calibration purposes), reliability, high selectivity of
response or specificity (no interference from other analytes), high sensitivity and fast
response. Portability and simplicity of operation are also important additional factors.

There are several possible schemes that can be used to categorize different
biosensors. As shown in Fig. 3.02, biosensors can be classified by their bioreceptor
or analyte, by their transducer type or transduction mechanism and by their
application.
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on Mochanism

Other

Clinical

Environmental

Optical

Industrial

Antibody

Enzyme

DMA

Cellular Systems

Cell

Electrochemical

Mass-Based

Other

Biomimetic

Non-Enzymatic Proteins

Figure 3.02. Classification of biosensors

The bioreceptor is a biological layer capable of biorecognition such as enzymes,
antibodies, DNA, proteins or even living cells and tissue that exhibit a mechanism
for recognition. This layer is either attached directly to the transducer or coupled
through a linkage mechanism to the transducer. The most common forms of
bioreceptors used in biosensing are based on antibody-antigen interactions, nucleic
acid interactions, enzymatic-catalytic interactions and cellular-proteins interactions.
Table 3.02 presents some examples on different bioreceptor-analyte types.

Biosensors can also be classified by how the transducer converts the recognition
event into a measurable signal and this takes many forms depending on the
parameters to be measured (see Table 3.03 for additional references). The most
common include optical measurements, electrochemical and piezoelectric-mass
sensitive techniques [72].
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Bioreceptor

Enzyme

DNA

Antibody

Cells/Tissue

Type
Biosensor

Enzyme electrode [68]

Immunosensor [69]

DNA sensor [70]

Microbial Sensor [71]

Characteristics

Chosen for binding

Biomolecule that

Genosensors for

Biorecognition by entire

capabilities as well as

exhibits high specific

monitoring DNA-

cell-microorganism or a

their catalytic activity.

binding capabilities

ligand interaction

specific

Catalytic activity allows

for specific

component

much lower limits of

structures.

specific binding to certain

detection than what it

cellular
capable

of

species.

would be obtained by
common binding.
Biocatalytic recognition

Radioimmunoassay

Genosensors for

Microorganism

mechanism: detection

(RIA) using

monitoring DNA-

whole class of compounds

amplified by catalytic

radioactive labels.

ligand interaction

to be monitored

reaction.

Pharmacology,

Medicine, health

Food safety, environment.

Healthcare, Medicine.

forensic science

care. Genetics

Application

allow

a

Table 3.02. Biosensor classification by bioreceptor-analyte.
Transduction

Mass-sensors

Electrochemical

Optical

technology
Characteristics

Measured Property

Piezoelectric
Employs

optical

fibers

or

Measure

changes

when

that

planar waveguides to direct

chemicals interact with a sensing

interact with sensing film.

light to the sensing film [73],

surface of the detecting electrode

Acoustic

[74]

[75], [76]

Cantilevers. [77], [78]

Absorbance,

fluorescence.

surface plasmon resonance

Voltage

between

electrodes

Made

wave

of

devices

piezoelectric

(potentiometric)

materials that bend when a

Change in current at a given

V is applied

Voltage (amperiometric)

Change

is

Change in ability of sensing

frequency

when

material

analyte interact with the

to

transport

charge

sensing surface

(conductometric)
Advantages

Mass of chemicals

Useful for large number of

Field

monitoring

samples

and miniaturization

Table 3.03. Transduction technology of biosensors.
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applications

In vivo monitoring

resonant
target

3.2. Immunosensors
When antibodies, their fragments, or antigens are used as bioreceptors the device is
called an immunosensor [79]. Figure 3.03 shows schematically the immunosensor
principle where antibodies are immobilised on the transducer and the antigens are in
solution.

Free Antigen
Surface
Attached
./V4y
Antibody
Bound Antigen

T 'ir T

Transducer

Mass-sensors / Piezoelectric

■I

Optical / Surface
Plasmon Resonance

Electric
Signal

Electrochemical /
Amperiometric

Figure 3.03. Immunosensor principle after [80]

The quality of the bioreceptor layer of the biosensor governs both the specificity and
the sensitivity of the immunosensor and is determined by a combination of physical
and chemical characteristics that are discussed in detail later in this chapter.

Cantilevers are used as force sensors that transduce a range of different input signals
such as mass [81], heat and temperature [82], electromagnetic field [83] (magnetic
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beads attached to the cantilever surface), and stress [84] into a change of resonance
frequency or bending with high sensitivity [85]. Fig. 3.04 illustrates schematically
the possible uses of the cantilever as a transducer. By chemically functionalising
cantilevers, biospecific molecular recognition can be added to the list of transducing
mechanisms.

This has

enabled cantilevers, either singly or in arrays, to be

developed as the key analytical element of miniaturized and sensitive biochip
platforms [86]. Marquette et al. have grouped immunosensors into categories
according to the detection method used [87].
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(D)

Figure 3.04. Transducer uses schematics of a cantilever. (A) SFM force sensor,
(B) Temperature/Heat sensor, (C) Viscoelasticity medium sensor, (D) Mass
sensor, (E) stress sensor and (F) electromagnetic field sensor after [88]
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By functionalising cantilevers with antibodies they can function as high sensitivity
immunosensors [88]. For example, a SFM cantilever of 100 jam in length was used
by Pereira [89] in several pharmacological applications. Furthermore, arrays of
functionalised cantilevers create the prospect of portable and miniaturized sensor
devices using small quantities of analytes.

3.2.1. Antibodies
An antibody is a globular protein raised by the immune system in response to an
antigen and is specific for that antigen. This complex biomolecule is made up of
hundreds of individual amino acids arranged in a highly ordered sequence. The
binding between an antigen and an antibody (affinity) is a highly specific reaction,
which make it useful for biosensor design. This precise binding mechanism allows an
antibody to tag a microbe or an infected cell for direct neutralization or attack by
other parts of the immune system.

Antibodies exhibit very specific binding capabilities for specific structures. For an
immune response to be produced against a particular molecule, a certain molecular
size and complexity are necessary with proteins of more than 5000 Da being
generally immunogenic. Antibodies may be classified according to their origin, their
host specificity, or the characteristics of the immunological reaction in which they
are involved. Most antibodies are found free and circulating in plasma, blood and
tissue fluids, as well as in many secretions [90]. Antibodies are large Y-shaped
proteins used by the immune system to identify and neutralize foreign objects like
bacteria and viruses. The two tips of the "Y" of the antibody contain a paratope (a
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structure analogous to a lock) that is specific for one particular epitope (analogous to
a key) on an antigen, allowing these two structures to precisely bind together.
Antigen Binding-sites

Fv

Figure 3.05. Antibody structure
The basic structure of all antibody (immunoglobulin (Ig)) molecules consists of four
protein chains linked by disulphide bonds. There are two pairs of chains in the
molecule: heavy and light. There are two classes (isotypes) of the light chain called
kappa and lambda. Heavy chains have five different isotypes which divide the Igs
into five different classes [91]. Each class differs in its biological properties and has
evolved to deal with different antigens. The most common immunoglobulin class is
IgG. Its basic monomer structure is one Ig unit.

Each chain is divided into regions or domains consisting of around 110 amino acid
residues. The light chain has two domains and the heavy has four. The N-terminal
domain at the tip of the arms of the “Y” on both the heavy and the light chain are
known to be variable in amino acid sequence composition. The variable domains
show three regions of hypervariability called the complementary determining regions

60

(CDRs). They differ in length and sequence between different antibodies and are
mainly responsible for the specificity (recognition) and affinity (binding) of the
antibodies to their target markers.

Proteolytic digestion of antibodies releases different fragments termed Fv (Fragment
variable, monovalent single molecule chain that are the minimum binding structure
of an antibody that have full binding capacity), Fc (Fragment crystallization) and
Fab’ (Fragment antigen binding). A Fab’ is composed of one constant and one
variable domain of each of the heavy and the light chain. Note that antibody
engineering can join the separate segments of the heavy and light chains in the Fv
with a flexible peptide linker to form a single-chain Fv (scFv).

3.2.2 Antigens
An antigen is any molecule that can bind specifically to an antibody. They are
usually macromolecules that contain distinct sites called epitopes. These epitopes
recognize and interact with paratopes on the complementary antibody. Their name
arises from their ability to generate antibodies. Flowever, some antigens do not elicit
antibody production by themselves. Those antigens that can induce antibody
production are called immunogens. In practice, only proteins are fully immunogenic
because only proteins can be recognized by T lymphocytes (white blood cells).

Whole cells, bacteria and viruses are usually very immunogenic. Generally,
particulate antigens are much better immunogens than soluble molecules. Antigens
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with a molecular weight less than 3-5 kDa do not generally provoke an immunogenic
response and coupling of these small molecules to larger immunogenic molecules is
necessary for good antibody production. Small molecules with this property are
termed haptens and the larger molecules that render them immunogenic are defined
as carriers. If the structure of the antigen is modified, only slightly, the
immunogenicity can be greatly altered. The most frequently used carriers are large
molecules that are capable of imparting immunogenicity to covalent coupled haptens.
They can be proteins, liposomes, polymers or synthetically designed organic
molecules. An example of a common carrier protein in use today is Bovine Serum
Albumin (BSA, molecular weight 67 kDa). Some synthetic carriers are actually
designed to have low immunogenicity in order to minimize the potential for antibody
production against themselves. When a hapten molecule is coupled to these
molecules, the immune response is direeted prineipally toward the modification and
not the carrier.

3.3. Characterisation of Immunosensors by SFM
The overall aim of this work was to determine the extent to which SFM has the
potential to characterise the quality of immunosensors. A number of physical and
biochemical characteristics contribute to immunosensor quality. The characteristics
of immobilised antibody molecules where the SFM has the potential to provide
information that may enable immunosensor designs and fabrication protocols to be
evaluated and optimised are:
•

Immobilisation chemistry;

•

Orientation;
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Surface density;
Specificity.
These aspects are discussed in the following sections.

3.3.1. Immobilisation chemistry

Immobilisation on solid surfaces is essential for immunosensors and consists of at
least two steps. Firstly, the preparation of the solid support on which immobilisation
occurs and secondly, attachment of the biospecific layer i.e. the antibodies. The
latter step may require the use of one or more linker layers to promote antibody
attachment. Materials such as gold, oxidized silicon and glass are typical solid
supports.

Therefore, the first consideration with regard to characterizing immunosensor
surfaces is the underlying condition of the solid support on which immobilisation
occurs. The primary concern is cleanliness as this will, for example, directly
influence the adhesion of the biospecific layer. SFM imaging cannot identify
chemical contamination although it will detect it physically when present as discrete
topographical or lateral force features. Thus, SFM imaging can identify the scale and
location of particulate contamination and since its invention SFM has been widely
used to monitor surface modification processes, including cleaning [92].

Surface roughness may be an important factor in immobilisation as it can influence
the efficacy of the cleaning processes.
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Numerous cleaning methods exist for

oxidised silicon [93] and glass substrates [94] and these include gas plasmas as well
as combinations of acids, bases and organic solvents that are allowed to react at
varying temperatures. Many of these cleaning processes induce surface roughness
changes with implications for the immobilisation processes. Either way, the
evaluation of the surface roughness of immunosensor supports is often needed and
the SFM is well suited to this task. There are several surface characterisation
parameters used to quantify surface roughness from SFM images such as the area
roughness (Sa) and area root-mean-square roughness (Sq) parameters. Roe and
McDonnell [95] have developed the surface area ratio parameter which is
particularly well suited to measuring the effects of surface modification.

Once a satisfactory state has been obtained for the solid support, the biospecific layer
can be attached. Ideally, the latter will be a well attached, continuous monolayer that
will be functionally stable with a long lifetime. There are three different general
methods by which the antibodies are immobilised:
•

Physisorption. Physical adsorption is the molecular binding of antibodies to a
solid surface using attractive, e.g. electrostatic, forces but can have low long
term stability [96];

•

Covalent binding. Flere, a more stable functional surface can be achieved by
direct covalent immobilisation of the molecules to the solid surface. The solid
surface may require a specific cleaning or other chemical treatment to induce
active sites that will covalently bond to functional groups on the antibody;

•

Linker layer(s). In this case, one or more layers of self-assembled monolayers
(SAMs), silane [97] , thiols or an amino group [98] or protein-A molecules, for
example, are used to bridge between the solid surface and the antibodies.
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SFM imaging has been used in a number of studies of the above immobilisation
methods.

Several of these have been aimed at developing specifieally oriented

antibodies and are reported in the next section.

3.3.2 Orientation

The immobilisation of biomolecules on surfaces plays a crucial role in developing a
biosensor. When antibodies are immobilised onto a solid surface, their binding
activity is often reduced due to orientations on the immobilised antibodies that
sterically hinder antigen access.

Many immobilisation procedures result in the

random orientation of immobilised antibodies with the antibodies generally lying
down length-wise. There is therefore considerable interest in orienting immobilised
antibodies so that their Fab regions extend outwards from the solid surface.

The importance of oriented immobilisation of the first molecular layer was
demonstrated by photosynthetic reaction on a graphite electrode [99]. A number of
linking layers (thiol layers [100], lipid layers [101], silane [97], protein [102]) have
been investigated for similar purposes. Specific functional groups (e.g.. Thiol [100], SH [103]) present on the hinge region of antibodies have also been used to orient
antibody molecules.

Chemical

fragmentation

(or enzymatic

digestion)

of

immunoglobulin G (IgG) molecules [104] has been used to produce small fragments
of the antibody of interest such as Fab’ with several groups studying the attachment
of oriented Fab’ fragments to modified gold substrates. For example, Bonroy et al
[105] evaluated the orientation of Fab’ and F(ab’)2 fragments and demonstrated that
an oriented immobilisation of this type of fragments increased the antigen binding
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activity compared with randomly covalent immobilised full-length antibodies. Luppa
et <2/. [80] have distinguished four different types of oriented coupling of antibodies.

It should be stressed that while SFM has had an important part in many of the studies
that have developed oriented immobilisation for immunosensors it has not been
possible to demonstrate such orientation directly using SFM imaging. Indeed, SFM
has not been able to resolve antibody fine structure i.e. the Y shape for any
immunosensors, regardless of immobilisation method.

In all cases the SFM has

imaged antibodies as globules. However, a few researchers have managed to resolve
the fine structure of isolated antibodies using SFM imaging.

Low temperature or cryogenic contact SFM has been successfully used to image
antibody fine structure in liquid nitrogen vapour [106] (different biological samples
from immunoglobulins: IgGl, IgM, IgA; to red blood eells and also single-stranded
plasmid DNA were effectively applied to freshly cleaved mica). The sample
environment is believed to have two effects: firstly, by reducing thermal fluetuations
that may induce sample motion at room temperature; and secondly, by increasing
sample stiffness and thereby reducing sample deformation by the SFM tip.

Anafi [107] was also successful in imaging antibody fine structure as shown in Fig.
3.06. In the latter ease, the author has eonfirmed in a private communication that
there was a substantial element of luck in achieving both the immobilisation and
imaging eonditions. SFM imaging of IgG antibody in aqueous fluid was in noncontact mode and immobilisation was by physisorption onto mica
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Figure 3.06. Non-contact SFM image of anti-human serum albumin on mica.
Used with permission of D. Anafi, Amgen Inc.

At a later stage, San Paulo and Garcia [108] were successful in imaging in air the
fine structure of anti-human serum albumin deposited on mica. There were two
critical issues: firstly, non-contact SFM imaging needed to be performed in what they
defined as the low amplitude state to prevent permanent damage to the antibodies;
and secondly, the antibodies were loosely bound to their supports.

3.3.3. Surface density
SFM is ideally suited to determining the density and distribution of antibodies on
solid surfaces and there are many examples in the literature of relatively sparse or
isolated coverage through to compact, saturated monolayers. Due to their large XY
ranges, SFM instruments are well suited to evaluating long range and short range
surface coverage issues ranging from large scale patchiness to molecular scale
pinholes. For reproducibility, it is desirable that immunosensors have a constant
average surface density across the entire surface regardless of the magnitude of that
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density. The optimum surface density is a parameter that needs to be determined for
a given immunosensor design and is not necessarily the maximum close-packed
density.

In general, molecules adsorb at preferential patches with low ionic strength where the
adsorption process nucleates and grows. In the case of oxidised silicon once some
molecules adsorb onto the surface close to each other, they get surrounded by their
counterion clouds [109]. The adsorption affinity, the maximum amount of adsorbed
protein, and the spatial order of the immobilised molecules drastically depend on the
medium pH

and ionic strength [110]. SFM height profiling studied under this

condition showed that at low surface coverage a flat orientation of adsorbed antibody
molecules occurred. When the surface packing density was increased the surface
aggregation was observed to increase as well. Increasing both packing density and
aggregation caused steric hindrance to antigen binding leading to the reduction of
antibody binding capacity.

3.3.4 Specificity
Specificity is dependent on chemical composition, forces and molecular structure at
their binding site. The optimal immobilisation method would see a biomolecule
immobilised on the surface of an immunosensor retaining its full activity with long
term stability of function. The specificity of an immobilised antibody can be
evaluated by SFM imaging. For example, Perrin et al. quantified the number of
active antibody sites by imaging the bound antigens [111]. The latter technique is
only possible when the antigen is relatively large, although its application can be
extended by using biospecific nanogold conjugates to target in turn the bound
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antigens. In all cases the immunosensor surface must be exposed to a saturating
concentration of antigens. An alternative technique is to use force spectroscopy to
map the biospecific adhesion sites on the immunosensor surface.

Allen et al [112] used an antigen-modified tip to produce adhesion maps for
antibody-coated silicon wafers in 1997. The adhesion maps obtained revealed areas
of strong interactions and specificity was confirmed by blocking the surface with the
free antigen.

In another study Willensen et al. [113] showed that antibody

topography was highly correlated to specific molecular recognition by comparing the
high-resolution height image with the adhesion image. Force spectroscopy is now
widely used for adhesion studies and has been extended to molecular unwinding and
stretching [114] and to the study of specific interactions between biological pairs
[115].

SFM is now widely used to combine force spectroscopy with imaging. There are two
approaches. In the first, an array of force curves, taken at different points over the
surface, is collected and the curves are assembled into a 3D force volume. The
volume is the space over the surface through which the tip moves. In the second, the
force volume is reconstructed by collecting iso-force images at different forces,
across the XY plane and then assembling these. Most studies to date were performed
using the first approach. An early demonstration of biological adhesion force
mapping was made in 1994 by Radmacher [116] who studied adhesion forces of
isolated and aggregated lysozymes dispersed over a mica surface.
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The first successful attempt to map interaction forces at molecular resolution was
made by Hinterdorfer [117], Note that enormous data sets are created in forcevolume studies with inevitable hardware and software implications. Novel
algorithms and enabling techniques for image analysis, data mining and visualization
are being studied, particularly for biological and biomedical applications [118]. As
an example. Soman et al [119] in 2008 developed an adhesion mapping technique
that allowed the measurement of the distribution of a specific type of protein utilizing
a gold-labeled antibody where data ean be acquired at much higher resolution and
much faster acquisition time. In the case of cellular processes, single line scans are
being used to capture spatial information in one dimension there by increasing time
resolution (the long acquisition time for volume plots makes cellular processes
virtually impossible to be investigated with current instrumentation [120]).

Topography and recognition imaging (more commonly know as TREC mode from
Agilent Inc.) is a recent developed SFM technique for single molecule imaging
where topography and recognition events can be acquired in space and time [121]. A
magnetically driven SFM tip coated with a ligand on a flexible linker is oscillated
and scanned at a very small amplitude over the surface. As well as measuring
topography the tip simultaneously senses the recognition events. As there is not
drift, the recognition data can be exactly correlated with the topography data. Using
this technique the mechanical rigidity of macromolecules such as RNA [122] has
been investigated.
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3.4. Concluding remarks
Immunosensors are important devices that have a key role in clinical diagnosis. As
immunosensors scale down in size, the quality of the immunosensor surface becomes
more important. Thus there is an increasing requirement for techniques that will
enable such surfaces to be effectively characterized. SFM has been shown to be a
very effective method of providing key information on the immobilisation,
orientation, surface density and specificity of immunosensor surfaces.

In the

following chapters the ability of the Explorer SFM instrument to provide such
information is experimentally evaluated.
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Chapter 4
Force spectroscopy
Force spectroscopy has been shown in chapter 3 to be a remarkable tool for
molecular recognition by enabling the biological activity of biosensors to be mapped
[123]. In this chapter the potential for using the Explorer to identify active antibody
sites on immunosensor surfaces is evaluated.

4.1. Force measurements using SFM instruments
As discussed in chapter 1, the SFM tip interacts with the sample surface by a force
interaction for which the interaction potential W(D) can be modelled as a sphereplane interaction:

W{D) =

-AR
6D

(4.1)

where R is the radius of curvature of the tip, and D is the distance between the sphere
(tip) and the plane (sample surface). The interaction constant A, is called the
Hamaker constant, defined as

tcCpipi, with C being the interaction parameter of

the point-point interaction, and p/ (z = 1,2), the number density of the molecules in
both solids. Equation 4.1 clearly shows that the interaction potential increases with
increasing tip size and with increasing proximity of the tip to the surface.
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Figure 4.1 illustrates the paths taken by a model SFM cantilever during approach and
retraction. The cantilever approaches from point 1 and when it reaches point A
instability occurs resulting in a snap into contact at point B. On retraction a further
instability occurs at point C causing the cantilever tip to snap out of contact to point
D.

Thus, for a typical force distance curve, each segment can be described as follows:
(a) Line 1-A: The tip is moving towards the sample.
(h) Line A-B: Snap into contact caused by attractive forces between the tip and the
sample outweighing the force of the cantilever spring and causing the cantilever to
bend.

Figure 4.1. Force distance Curve. F=Force, S=Displacement. After Butt et al.
[1241
(c) Line B-2: Shows upward deflection of the cantilever in response to the sample
motion after the tip and surface contact. The shape of this segment indicates whether
the sample is deforming in response to the force from the cantilever (i.e. may not
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always be straight). If the sample surface and the SFM tip do not deform then the
slope of this line is the sensitivity (spring constant k) of the cantilever.
(d) Line 2-C: As the tip moves away, the slope follows the slope of line B-2 closely.
If line 2-C is parallel to line B-2 then no additional information can be determined.
However, any difference between the in- and out-going curves (hysteresis) provides
information on the plastic deformation of the sample and/or the tip. Once point 2’ is
passed the cantilever begins to deflect downward due to adhesive forces.
(e) Line C-D\ Snap out of contact occurs when the cantilever force exceeds the
adhesive forces. Note that the snap out of contact distance will always be greater than
the snap into contact distance for several reasons:
•

Some adhesive bonds are created during contact.

•

The sample buckles and “wraps” around the tip elastically during contact,
thereby increasing the contact area.

•

Capillary forces exerted by contaminants such as water.

•

Hysteresis contributions cited earlier.

4.2. Force spectroscopy experiments
4.2.1. Force spectroscopy between oxidised silicon surfaces in water
Force spectroscopy was performed with the Explorer using a non-contact silicon
cantilever (type SCFl 1 Ultrasharp) and a piece of silicon wafer. Both the tip and the
surface were in their natural oxidized state. Prior to immersion in HPLC water in the
Explorer’s liquid cell, the silicon cantilever and the silicon sample were cleaned as
follows: (a) Two washes in propanol followed by drying in a nitrogen gas flow; (b)
Three cycles of ozone cleaning for 300 seconds each (Ozone cleaner from Novascan,
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Ames, Iowa, USA). The resulting force distance curve is shown in Fig. 4.2. Note
that the approach curve (1st cycle) is shown in blue and the retract curve (2nd cycle)
in pink.

Si-Si water with a non contact cantilever

• 1st cycle
2nd cycle

Figure 4.2. Force-distance curves between a silicon tip and a silicon wafer in
HPLC water. Deflection is in nanoAmps and Displacement in nanometres.
It is clear from Fig. 4.2 that there was no snap-in on approach (blue curve) as the
liquid environment prevented the capillary action that occurs in approach curves in
air. However, some adhesion was produced on the retraction of the tip which may be
indicative of residual contamination on the tip and/or the sample surface or due to
one or more of the effects listed at the end of section 4.1 above.

4.2.2. Force spectroscopy between a silicon tip and a bovine serum
albumin coated silicon surface
A new silicon wafer piece was cleaned in ozone for two cycles of 300 seconds each
in an ozone chamber. A 10 mg/ml solution of bovine serum albumin (BSA) was

75

prepared using BSA Fraction V (>96%) from Sigma Laboratories and phosphate
buffered saline (PBS) buffer (pH 7.4). A droplet of the lOmg/ml BSA solution was
deposited onto the cleaned silicon wafer piece and allowed to incubate for 1 hour.
Then the wafer was thoroughly rinsed with DI water twice, gently dried with a
nitrogen gas flow and stored for 48 hours in a dessicator prior to force spectroscopy
in PBS buffer with a Nanosensors contact cantilever. The resulting force-distance
curve is shown in Fig. 4.3. Note again that the approach curve (1st cycle) is shown in
blue and the retract curve (2nd cycle) in pink.

It is clear from Fig. 4.3 that there is a strong adhesive interaction between the silicon
tip and the BSA coating during approach (blue curve) and during retraction (pink
curve).

The snap-in on approach reflects the strong physical adsorption

characteristic of BSA (this molecule is a well established blocking agent) and
corresponds to the transition from .4 to ^ in Fig.4.1. On retraction the snap-out that
corresponds to the transition from C to /) is not as sharp as the snap-in and occurs at
larger displacement, thereby indicating that multiple adhesive bonds have been made
between the BSA coating and the tip. Indeed, there is clear evidence near to C of
progressive multiple bond rupture as the tip disengages from the surface. A
deflection “force” of 2.3 nA at snap-out is evident. With appropriate calibration the
deflection current can be converted into actual force units as described in the next
section.
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FfS curve Si coittact cantilever-BSA wafer in PBS buffer

■ 1st ciicle
• 2nd cycle

Figure 4.3. Force-distance curves between a silicon tip and a BSA coated silicon
wafer in PBS buffer. Deflection is in nanoAmps and Displacement in
nanometres.

4.3. Converting deflection into force
In the previous section it was demonstrated that force spectroscopy is able to provide
evidence of specific

inter-molecular interactions (in this case

Si02-BSA

interactions). The interaction as expressed by the Explorer is a deflection current at
the quadrant photodiode and needs to be converted if it is to be expressed in actual
force units. In this regard, the sketch in Fig. 4.4 of the contact region of a forcedistance curve is useful.
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Figure 4.4. The key measurement parameters in converting deflection to force.

For the linear portion of the force-distance curve in the contact region (i.e. above the
horizontal line), consider the triangle of sides X (in nm) and Y (in nA) defined by the
point Z. Clearly, the slope of the line is (Y/X) nA nm"'.

As discussed earlier,

provided there is no defomration of the sample and/or the tip the slope of the line is
also equal to the spring constant k (N nf') of the cantilever.

Thus if k of the

cantilever is known then the deflection signal can be converted into force units.

4.4. The effect of laser beam position on the cantilever
In setting up the Explorer, the user manually adjusts the laser onto the end of the
cantilever and then interactively optimises the positions of an alignment mirror and
the quadrant photodiode. One of the concerns therefore is whether the alignment of
the laser on the eantilever has a quantitative effect on force spectroscopy
experiments. To investigate this the following experiment was performed.

Firstly, four laser beam positions were defined as per the sketch in Fig.4.5. It should
be stressed that these positions are indicative as they eould not be measured with any
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accuracy due to the small scale of the cantilever and the scattered laser light in the
Explorer. Defining position 1 as 100%, the other positions can be considered to be
approximately 75%, 50% and 10% respectively.

Figure 4.5. Schematic diagram of the cantilever with four laser beam positions
indicated.
Force distance curves were obtained performing force spectroscopy in air for each
position along the cantilever and the linear data from the contact zone was obtained
as per the example shown in Fig. 4.6 for position 1.

Figure 4.6. Linear data from the contact zone of the force-distance curve for
position 1. Deflection is in nanoAmps and Displacement in nanometres.
Equivalent data (not shown) was obtained for the other three positions. The slope or
sensitivity of the linear region in each of the four cases is shown in Table 4.1
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Position on

Sensitivity

cantilever

(nA/nm)

1

0.352

2

0.340

3

0.207

4

0.083

Table 4.1. Sensitivity of cantilever versus position of laser beam on cantilever
It is clear from the data in Table 4.1 that moving the laser beam from position 1 to 2
(approximately in the first quarter of the cantilever’s length as measured from the
free end) has a marginal (about 3%) effect on the sensitivity. Further movements
towards the fixed end of the cantilever have more dramatic effects. These effects
clearly arise from the fact that the cantilever does not bend in a straight line as if
hinged at the fixed end. Instead the cantilever curves, it is also clear from the data in
Table 4.1 that departures from position 1 reduce the sensitivity and therefore any
forces calculated will be less than the actual forces applied by the cantilever.

4.5. The effect of drift
In the previous section we have demonstrated using a simple model system that force
spectroscopy can be performed with the Explorer. If the silicon wafer of the model
system was coated with anti-BSA and the cantilever tip was blocked with BSA then
a much larger interaction than that exhibited in Fig. 4.3 would be expected.
In considering whether the Explorer could be used to map antibody locations on a
immunosensor surface, we need to determine whether images of antibody locations
derived from force spectroscopy carried out at specified positions can be correlated
with topography images. With the Explorer, a topography image is obtained, the
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locations for force spectroscopy are then selected by cursor on the image and the
spectroscopy is then performed. A single force distance curve takes at least one
minute to acquire. A key concern in any correlation is whether drift occurs between
completing SFM imaging and completing force spectroscopy at a given point. The
typical average time lag for the latter is the one minute minimum referred to above
plus the time taken to complete half an image (typically two to three minutes), i.e
three to four minutes in total.
Two drift experiments were carried out using the following procedure. Firstly the
Explorer was seanned in free space for 15 minutes before image acquisition in order
to stabilise the instrument. Four consecutive images were then obtained for a given
scanner set-up. A specific topographical feature was selected and tracked through the
four images to identify its XY position in the images. It is important to note that the
data acquisition and the computer display in the Explorer are asynchronous.
Scanning and data acquisition are controlled by a digital signal processor (DSP) that
is interfaced to the computer. The computer sends user requirements to the DSP and
receives the data from the DSP from which the image is built. Image display is thus
quasi-real time and so for the drift studies it was noted when the scan started and
stopped on the TV-monitor that displays in real time the cantilever position. This
method also ensured that the scan time included the X axis overscan feature of the
Explorer. O’Mahony [125] has reported that the Explorer uses a 20% overscan in the
X axis. Scan times calculated from the image size and the scan speed selected by the
user would not include the overscan.
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4.5.1. Long range scanner drift results
Figure 4.7 shows four consecutive non-contact SFM images obtained from an anti
ferritin coated silicon wafer sample using the long range tripod Explorer and Z
acuator E-059422. The topographical feature selected is indicated with a vertical
arrow. The sequence of the images is indicated by the curved arrow. Table 4.2
shows the key tracking information obtained from these images. It is noted that the
size of the topographical feature remained constant, thereby demonstrating that the
tip size did not change during imaging. It is clear from the images and the data in
Table 4.2 that the position of the feature did move between each image.
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Figure 4.7. Four consecutive images obtained with the long range Explorer.
Drift shown by vertical arrow. Sequence of acquisition shown in clockwise
direction with circular arrow.
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Image

Start line

Finish line

Aline (=particle size)

Middle particle
position

AFERRllO

247

260

13

255

AFERRlll

313

319

13

319

AFERR112

401

414

13

407

AFERRI13

417

430

13

424

Table 4.2. Tracking data for topographical feature in images of Figure 4.7.
When the acquisition times for the images were factored in then drift of 0.186
/xm/min in the X direction and 0.087 /xm/min in the Y direction were obtained when
imaging a 10 /xm x 10 jUm area.

4.5.2. Short range tube scanner drift experiment results
Figure 4.8 shows four consecutive non-conlact SFM images obtained from an anti
ferritin coated silicon wafer sample using the short range tube scanner Explorer
(serial no.: E-419514). The topographical feature selected is indicated with a circle.
The sequence of the images is indicated by the curved arrow.
For the tube scanner, drift of 62.5nm/min in the X-direction and Y-direction was
calculated when imaging a 2.4 /xm x 2.4 /xm area.
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Figure 4.8. Four consecutive images obtained with a short range Explorer tube
scanner. Sequence of acquisition shown in clockwise direction with circular
arrow.
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4.6. Concluding remarks
In this chapter it has been demonstrated using BSA as a model system that the
Explorer is very capable of providing force spectroscopy data in liquids. It has also
been shown that provided that the laser beam is focused within 25% of the free end
of the cantilever, that force spectroscopy data obtained is accurate to within 3%.
However, a key requirement is the ability to correlate force spectroscopy obtained at
specific locations on an immunosensor surface with the same locations in SFM
images.

In this context the Explorer displayed image drift that rendered such

correlation difficult if not impossible.
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Chapter 5
SFM imaging of immunosensor surfaces.
In this chapter the results of three SFM imaging studies on different immunosensor
surfaces are presented. Two of the surfaces studied were of immobilised antibodies,
anti-ferritin and anti-PSA, whilst the third was of an immobilised antigen, BSA.

5.1. Anti-ferritin immunosensor surfaces
Anti-feiritin immunosensor surfaces were fabricated by immobilising anti-ferritin
antibodies (40 /rg/ml of anti-ferritin, gift from bioMerieux SA) on silanised silicon
wafer pieces using an adaptation of the general procedure described in Perrin et
u'/.[126]. The principal change to the latter procedure was to replace the hazardous
sulfochromie acid cleaning of the silicon wafer with an ozone treatment (O3 cleaner
from Novascan Inc., USA). In this cleaning process, a high voltage, high frequency,
corona discharge generates ozone that interacts with and degrades surface
contamination, particularly that of an organic nature.
The immunosensor surfaces were dried in a nitrogen stream and stored in a
dessicator. Some samples were subsequently incubated with 30 nm nanogold goat
anti-mouse conjugates (GAM30). As the anti-ferritin antibodies were raised in a
mouse the GAM30 conjugates will bind to the anti-ferritin antibodies. Fig. 5.01
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shows a non-contact SFM image of one of the latter samples obtained with a NSC 16AIBS cantilever.

Figure 5.01. Top view (left) and 3D view (right) non-contact SFM images of antferritin immunosensor surface after incubation with GAM30 conjugates.

It can be seen from Fig. 5.01 that the anti-ferritin antibodies have formed a dense
layer and that the GAM30 conjugates are clearly visible. Smaller area zooms are
shown in Figs. 5.02 and 5.03. Fig. 5.04 shows a line analysis of a GAM conjugate
that confirms that the height is what would be expected, given the height uncertainty
introdueed by the roughness of the underlying antibodies.

Note that the slight

hollows near the gold particles are an artifact of the image leveling algorithm.

Figure 5.02. Top view zoom into SFM image of Figure 5.01.
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Figure 5.03. 3D view of SFM image of Figure 5.02.
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Figure 5.04. Line measurement analysis of a nanogold particle from image in
Figure 5.02.

The SFM tip used in this experiment was imaged by SEM before and after the
experiment and the SEM images have been presented earlier in Fig. 1.17. The tip
blunting evident shows that imaging was in intermittent contact rather than non-

contact and furthermore that the tip was contaminated during imaging, most probably
with anti-ferritin molecules given the “stieky” nature of most proteins.

5.2. Anti-PSA immunosensor surfaces
Anti-PSA immunosensor surfaees were imaged as part of the European Commission
funded BioFinger project. In that project, cantilevers were fabrieated using
established microelectronie fabrieation techniques that resulted in cantilevers with a
top surface comprised of silicon nitride on silicon.

The silicon nitride was

subsequently coated with evaporated gold to facilitate the final step of antibody
immobilisation. Gold is the most ductile metal and as such can be easily scratched.
This can be seen in Figs. 5.05 and 5.06 where a scratch is indicated by an arrow.

Figure 5.05. Non-contact SFM images in air of gold coated silicon nitride wafer.
Arrow indicates a scratch
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Figure 5.06. 3D view of non-contact image in air of gold coated silicon nitride
wafer in non contact mode in air. Arrow indicates a scratch

Figs. 5.07, 5.08 and 5.09 show the finer detail of the evaporated gold coating with its
quite uniform nodular structure. Unfortunately, the 3D scale and character of the
gold coating’s structure made it impossible to distinguish between these features and
those of immobilised anti-PSA. Instead, after anti-PSA was immobilised on the gold

3®^

Figure 5.07. Non-contact image of gold wafer in air. Red square in top right
hand corner shows area selected for zoom.
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Figure 5.08. Zoomed area from image in Figure 5.07

Figure 5.09. 3D view of image in Fig. 5.08.

coated wafers the samples were incubated with GAM15 nanogold conjugates using
the following protocol:
1. Gold coated wafer cleaned with O3 (1 cycle of 300 seconds generation
followed by 2 hours incubation in the chamber).
2. Rinsed with deionized water (filtered)
3. Rinsed with PBS buffer (Phosphate buffered saline solution)
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4. Add 40 jLtl of 10 jLtg/ml anti-PSA solution for 2 hours (concentrated antibody
solution diluted with PBS buffer)
5. Rinsed with PBST (PBS Tween 20, 0.5% detergent, filtered)
6. Add GAMl 5 for 2 hours (15 nm Goat Anti-Mouse solution)
7. Packaged in PBS buffer storage
Samples taken from storage were rinsed with deionised water, dried in a nitrogen
gas stream and left in a dessicator for 12 hours before imaging. Fig. 5.10 shows
that there are significant numbers of gold conjugates visible.

Figure 5.10. Non contact SFM images of GAM15 conjugates bound to Goat
Anti-anti-PSA immobilised on gold coated wafer. Left: top view. Right: 3D
view.
Fig. 5.11 shows a line measurement analysis of one of the particles in Fig. 5.10 and
validates same as being consistent with the size of GAMl 5.
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Figure 5.11. Line measurement analysis validating GAM15.

A comparison of 3D SFM images of the gold coated wafer and after immobilising
Anti-PSA and then incubating GAM 15, as per the above protocol, are shown in Fig.
5.12.

A higher topography and a different character can be observed for the

immobilised and incubated sample.

93

<
o

+
<
in
Op
c

+
2
2
a
x:

OJD
ON

c
o
2
"o

a
0^

Cu
c«
u
OX)
o
a
o
s
o
«
a
£

o
u
Q
ri

a>
im
3
ox

A control experiment was carried out by incubating a bare gold coated sample with
GAM 15 as per the above protocol, excepting steps 4 and 5. As shown in Fig. 5.13
there are a few GAM 15 particles present as a result of non-specific adsorption. A
line analysis of one of the particles is shown in Fig. 5.14 and is consistent with the
size expected for GAM 15.
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Figure 5.13. 3D view of SFM image gold coating after GAIV115 incubation.
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A test chip with four prototype BioFinger cantilevers was incubated in a special flow
cell using the above protocols for immobilising anti-PSA and then incubating with
GAM 15. In principle, the material structure of the cantilevers was identical to the
above test samples. However, it was clear from the images that there were few
GAM 15 particles present and that the underlying structure was rougher than the first
set of test samples. Whilst there are more GAM 15 particles present per unit area in
Fig. 5.15 than for the control tests on bare gold coatings (see Fig. 5.13) it cannot be
confirmed whether the underlying surface is anti-PSA or gold or both.

Figure 5.15. Top view non-contact SFM image of cantilever on test chip after
flow cell immobilisation of anti-PSA and subsequent immobilisation with
GAM15.
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Figure 5.16. 3D view non-contact SFM image of cantilever on test chip after
flow cell immobilisation of anti-PSA and subsequent immobilisation with
GAM 15
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Figure 5.17. Line analysis validating particle from Figure 5.15 as GAM15.
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5.3. BSA immunosensor surface
As the first step in a projeet to develop eantilever based immunoassays BSA was
seleeted for adsorption onto eonventional SFM eantilevers. Silieon surfaces are
generally very smooth and after cleaning are free of particulates. Fig. 5.18 shows a
contact mode SFM image of a piece of silicon wafer that illustrates these two points.
Fig. 5.19 shows a non-contact SFM image of clean silicon SFM cantilever. Whilst
also free of particles, this surface is different in that whilst still smooth at small
scales it has a longer wavelength undulation and a few pinholes. These differences
probably reflect differences in the microfabrication processes experienced by the
SFM cantilever compared with the wafer. Figs. 5.20 and 5.21 show the type of
physical contamination that collects over time and emphasises the need for careful
cleaning.

MbnffliiiihvflEE

Figure 5.18. 3D view contact SFM image in air of clean silicon wafer.
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Figure 5.19. 3D view non-contact SFM image in air of clean silicon cantilever.
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Figure 5.20. Top view non-contact SFM image in air of contaminated silicon
cantilever.

A silicon cantilever was eleaned for two cyeles in ozone and then incubated with a
10 mg/ml solution of BSA that was freshly prepared. (Albumin Bovine Serum
Fraction V, >96% from Sigma Laboratories and phosphate buffered saline (PBS
buffer, pH 7.4) as per Ig of BSA with 100 ml of PBS buffer).
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Figure 5.21. 3D view non-contact SFM image in air of contaminated silicon
wafer.

After washing and drying as per the earlier protocols, the cantilever was imaged in
non-contact SFM mode as shown in Fig. 5.22. It is clear that the cantilever is coated
with BSA and that there are substantial clusters on top of the BSA layer. A zoom
into the BSA layer shows what are surmised to be isolated BSA molecules on top of
the general layer (Fig. 5.23).

A comparison with a comparable image from the

literature supports this opinion.
^!BXBSA05.TFR (500 x 500)

Figure 5.22. Top view non-contact SFM image in air of cantilever after
incubation with BSA
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Figure 5.23. Zoom into image of Figure 5.22

Figure 5.24. Comparison of Figure 5.23 (left) with immobilised BSA image
(right) from the literature (sample prepared by Sie-Ting Wong of Abbott
Laboratories).

5.4. Concluding remarks
In this chapter it has been demonstrated that the Explorer can be effectively used in
non-contact mode to image in air different immunosensor surfaces. Imaging has
taken place at various stages in immunosensor development from the support through
to the antigen-exposed surface. It has been demonstrated that immobilised antigens
as well as antibodies can be successfully imaged.
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However, the surface roughness of the immunosensor support is vital in determining
whether SFM images can confirm the presence or otherwise of
immobilised antibodies.

subsequently

Silicon wafer supports and silicon cantilevers are

sufficiently smooth that the presence of antibodies is easily discerned by SFM
imaging. Evaporated gold surfaces on the other hand have a surface roughness that
is very similar to that of immobilised antibodies, thereby preventing any such
deduction.

Fortunately, nanogold conjugates can be used to detect the immobilised antibodies
and by Judiciously selecting the size of the nanogold, subsequent SFM imaging can
readily distinguish the presence and location of the conjugates.

Furthermore, it is emphasised that no structural features have been resolved when
immobilised antibodies and antigens have been imaged. This is in agreement with
the scientific literature where the only reports of SFM imaging of stmctural detail of
antibodies have been for dispersed, weakly bound conditions that are not desirable in
immunosensors and that were not met in this work.
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Chapter 6
Summary and conclusion
6.1. Context
The overall aim of this work was twofold. Firstly, to evaluate how SFM could be
used to characterise the surfaces of immunosensors and secondly, to examine
experimentally the extent to which the Explorer SFM instrument could be used for
such characterisation.

6.2. Summary
Since its invention in 1986, SFM has proven to be the most versatile and thus the
most widely used member of the scanning probe microscopy family. Atomic-scale
spatial resolution, the ability to image soft samples, operation in air, liquid and
vacuum together with images built from three-dimensional measurements of surface
topography are the key characteristics that account for SFM’s success to date,
particularly in the lifesciences.

SFM instruments rely on piezoelectric actuators to provide crucial atomic-scale
movements and these actuators suffer from a number of operational deficiencies that
have the potential to undermine the validity of SFM measurements. Whilst some
SFM instruments use closed-loop actuators to overcome these deficiencies, open-
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loop actuator instruments, such as the Explorer used in this work, rely on careful
calibration instead.

Calibration studies performed in this work have shown that achieving high accuracy
long-range Z measurements with the Explorer is particularly problematic when the Z
actuator is used away from its mid-range position.

Nevertheless, an intensive

calibration study of Z actuator performance has provided data that enables the effect
ofZ offsets to be quantified.

Immunosensors play an increasing role in diagnosing the health and well-being of
humans and animals and there is a drive towards increasing integration and
miniaturisation of these devices. One of the consequences of this technology push is
that the area of the active immunosensor surface is shrinking and the quality
demanded of such surfaces is increasing. There is therefore a need for techniques
that can characterise the quality of the surfaces of immunosensors and cope with the
every reducing scales. A literature review has identified the following four aspects
of immunosensor surface characteristics where SFM has particular application
potential: immobilisation chemistry; orientation of antibody molecules; surface
density of antibody molecules; and specificity. An experimental assessment of the
ability of the Explorer SFM instrument to provide such information has been made
and a number of eonclusions have been drawn.

Firstly, as is the case with all SFM instruments, the Explorer is unable to identify
chemical contamination during the various stages of antibody immobilisation.
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However, the Explorer is able to locate and quantify particulate contamination during
these stages and to provide information on the physical topography of immunosensor
supports.

Secondly, non-contact imaging with the Explorer has been used to image
immobilised antibodies, nanogold conjugates and antigens during immunosensor
development. These images have provided information on the spatial coverage and
surface density of antibodies. As is the case with all other SFM instruments, the
Explorer is unable to identify the orientation of the antibodies when they are closely
packed and immobilised covalently.

As other SFM instruments can resolve

individual antibody structures when they are at low concentration and weakly
adsorbed this inability is more likely to be due to morphological changes to the
antibodies than due to the instrumentation.

One option for identifying antibody orientation is to use force spectroscopy with a
biochemically modified tip to locate active antibody sites that can then be correlated
with surface topography. Whilst it was possible to demonstrate with a model system
that the Explorer is sufficiently sensitive to perform force spectroscopy experiments
showed that drift within the instrument meant that it was not possible to carry out the
crucial correlation described above.
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6.3. Conclusion
It has been shown that SFM has the potential to provide key information about the
immobilisation, orientation, surface density and specificity of antibodies within
immunosensors. Whilst the Explorer is unable to provide all of the above information
it does have clear application potential with regard to providing information on
immobilisation and surface density of antibodies.

6.4. Recommendations for future work
Whilst SFM instruments have been able to provide considerable information on the
quality of immunosensor surfaces it should be noted that no single commercial SFM
instrument is able to provide information on the four aspects identified in this work.
This is particularly so when we consider obtaining such information in an
appropriate liquid environment. The reason for this is that key patents are held by
competing SFM instruments and therefore unless there is further consolidation of
manufacturers the ideal instrument will not emerge commercially.

Nevertheless, there are immediate improvements that could be made to existing
instruments such as the Explorer that would assist in extending its application in this
area. Firstly, adding closed-loop monitoring to its actuators would reduce the level
of calibration needed.

Secondly, a study is needed to see whether drift can be

reduced by using a temperature stabilised enclosure. Success in this regard would
open up the prospect of mapping antibody specificity. In that regard, it would be
necessary to add considerably more memory to the Explorer’s computer so that force
spectroscopy data could be obtained at high spatial resolution.
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In general, there are two trends in SFM developments at present. Firstly, there is a
move towards much faster scanning and secondly, a move towards SFM modes that
provide relative (not absolute) chemical information using oscillating tips in contact
with the sample.

The importance of lifesciences applications should not be

understated in the ongoing development of SFM. For example, high-speed SFM
instruments have been developed that allow real and direct-time observation of
dynamic biomolecular processes which will enable for a better understanding in this
matter. Furthemore, SFMs are available on the market, v/hich allows non-invasive in
liquid imaging of soft cellular membranes and targeted localized stimulation and
monitoring of the ion channels of single live cells.

107

References
[IJ. G. Binnig, H. Rohrer, CH. Gerber, E. Weibel (1982) Surface Studies by
Scanning Tunnelling Microscopy. Phys. Rev. Lett. 49
[2] . Meyer E., Jarvis S.P. and Spencer N.D. (2004) Scanning probe
microscopy in materials science. MRS bulletin V29, page 443
[3] . G. Bining, C. Quate, Ch. Gerber, E. Weibel (1986) Atomic Force
Microscope. Phys. Rev. Lett. 56, 930
[4] . J. 1. Paredes et al. (2003) Application of scanning tunnelling and atomic
force microscopy to the characterization of microporous and mesoporous
materials. Microporous and Mesoporous Materials 65, 93-126
[5] . Benstetter G. et al. (2009) A review of advanced scanning tip microscopy
analysis of functional films and semiconductor devices. Thin solid Films
517, 5100-5105
[6] . S. Pillai, R. K. Pai. (2009) Controlled growth and formation of SAMs
investigated by Atomic Force Microscopy. Ultramicroscopy 109, 161-166
[7] . Hilal et al. (2006) A review of Atomic Force Microscopy applied to cell
interactions with membranes Chemical Engineering Research and Design,
84(A4): 282-292
[8] . M. Moloney et al. (2002) Immobilisation of Semliki forest virus for
atomic force microscopy Ultramicroscopy, Volume 91, Pages 275-279
[9] . G. Schitter et al. (2004) A new control strategy for high speed atomic
force microscopy. Nanotechnology 15, 108-114
[10] . T. Itoh, et al (1996). Piezoelectric cantilever array for multiprobe
scanning force microscopy.. Micro Electro Mechanical Systems, ,
Proceedings, apos; An Investigation of Micro Structures, Sensors,
Actuators, Machines and Systemsapos;. IEEE, The 9th Annual International
Workshop on Volume , Issue , 11-15 Feb 1996 Page(s):451 - 455
[11] . C. T. Gibson et al. (1997) Lateral Force Microscopy, a quantitative
approach. Wear 213, 72-79
[12] . B. Bhushan (2005 ) Nanotribology and nanomechanics. Wear 259, 15071531
[13] . T. Chudova et al. (2005) Lateral Force-Displacement Measurements- a
new technique for the investigation of mechanical surface properties.
Surface and Coating Technologies 200, 315-320
[14] . Hansma H. (2001) Surface Biology of DNA by Atomic Force
Microscopy. Annual Review of Physical Chemistry. Vol. 52: 71-92
[15] . R, Resch et al. (2000) Manipulation of gold nanoparticles in liquid
environments using scanning force microscopy. Ultramicroscopy, Volume
82, Issues 1-4 Pages 135-139
[16] . Li et al. (2005) In situ sensing and manipulation of molecules in
biological samples using a nanorobotic system Nanomedicine:
Nanotechnology, Biology and Medicine, Volume 1, Issue 1, Pages 31-40
[17] . M. Saito et al. (2006) A new design of knife-edged AFM probe for
chromosome precision manipulating. Sensors and Actuators A 130-131,
616-624 617
[18] . A. Grant (2001) Development of Non-Contact Scanning Force
Microscopy for Imaging in liquid Environments, PhD. Thesis, Cork
Institute of Technology

108

[19] . Now trademark of Veeco
[20] . C. Y. Poon, B. Bhushan (1995) Comparison of surface roughness
measurements by stylus profiler, AFM and non-contact optical profiler
Wear 190, 76-88
[21] . L. McDonnell, J. O’Mahony, G. Roe. Proceding of the 5th Seminar on
Quantitative Methods and 1st Seminar on Nanoscale Calibration Standards
and Methods, Bergisch Gladbach, Germany. Published in PTB-Berich
(Physikalische-Technische Bundensanstalt, Braunschweig) Vol.F-44,
pp.22-28 (2002)
[22] . F. Kienberger, V.P. Pastushenko, G. Kada, T. Putheeranurak, L.
Chtcheglova, C. Tietmueller, C. Rankl, A. Ebner, P. Hinterdorfer (2006)
Improving the contrast of topographical AFM images by a simple averaging
filter. Ultramicroscopy 106, 822-828
[23] . Trademark of Veeco Instruments
[24] . G. Binnig, C. F. Quate, C. Gerber (1986) Surface Studies by Scanning
Tunnelling Microscopy. Phys. Rev. Lett. 49, 57
[25] . Seong S. Choi et al (2006) Analysis of force distance curv'e for
biomolecule imaging. Current Applied Physics 6S1 e247-e250
[26] . M. Luna et al. (2000) Application of non-contact scanning force
microscopy to the study of water adsorption on graphite, gold and mica.
Applied Surface Science 157, 4, 393-397
[27] . Seong S. Choi et al. (2006) Analysis of force distance curve for
biomolecule imaging. Current Applied Physics 6S1 e247-e250
[28] . Martin et al. (1987) Atomic Force microscope-force mapping and
profiling on a sub 100-A scale. J. Appl. Phys. 61, 4723
[29] . Smith B.L., (2000) The importance of molecular structure and
conformation: learning with scanning tip microscopy. Progress in
Biophysics and Molecular Biology, Volume 74, Issues 1-2, July-August
2000, Pages 93-113
[30] . Sidney R. Cohen, Arkady Bitler (2008) Use of SFM in Bio-related
systems. Current Opinion in Colloid and Interface Science 13, 316-325
[31] . A. Grant, Liam McDonnell (2003) A non-contact mode scanning force
microscope optimised to image biological samples in liquid.
Ultramicroscopy 97. 177-184
[32] . Trademark of Veeco.
[33] . Zhong et al. (1993) Fractured polymer/silica fiber surface studied by
tapping mode Atomic Force Microscopy, Surface Science Letters Vol 290,
L688-692
[34] . Sergei N. Magonov and Myung-Hwang Whangbo (1996) Surface
Analysis with STM and AFM: Experimental and Theoretical aspects of
Image Analysis. Editorial VCH.
[35] . Chien-Chan Su (2009) Carbon nanotube tips for surface characterization:
Fabrication and properties. Microelectronics Journal 40, 46-49
[36] . Danzebrink et al. (2006) Advances in SFM for dimensional metrology.
Annals of the CIRP 2006.
[37] . Trademark of Mikromasch.
[38] . Curie J (1889) Piezoelectric effect and its reversibility. Journal of
Physics, London.

109

[39] . Gallego-Juarez, J.A. (1989) Piezoelectric ceramics and ultrasonic
transducers. J. Phys. E: Sci. lustrum. 22, 804-816
[40] . B. Mokaberi and A. Reguicha (2005) Compensation of Scanner Creep
and Hysteresis for AFM manipulation. IEEE Transaction on Automation
Science and Engineering.
[41] . E. Savio et al. (2007) Annals of the CIRP Vol. 56/1/2007. FeatureOriented Measurement Strategy in Atomic Force Microscopy.
[42] . Chen C.J. (1992) "Introduction to scanning Tunneling Microscopy" 231,
Oxford series (taken from Near Field Optics and Nanoscopy, by J.P.
Fillard, Published by World Scientific, 1996).
[43] . M. Senoner, L. Koenders, W. Unger, G. Wilkening, Proceedings of the
5th Seminar on Quantitative Microscopy and 1st Seminar on Nanoscale
Calibration Standards and Methods (NanoScale 2001); PTB-Bericht F-44,
Physikalisch-Technische Bundesanstalt, Braunschweig (2002), p. 70 - 77
Microscopy. Precision Engineering 29 (2005) 168-175
[44] . G. Roe, L. McDonnell, A. Ghanem (2004) A method for measuring the
size distribution of latex particles by scanning force microscopy
Ultramicroscopy 100, 310-329
[45] . C. J. Chen (1992) “In situ testing and calibration of tube piezoelectric
scanners. Ultramicroscopy, V 42-44, 1653-1658
[46] . C. J. Chen (1992) Electromechanical deflections of piezoelectric tubes
with quatered electrodes, Appl. Phys. Lett. 60, 132-134
[47] . .F. Joergensen, L. L. Madsen, J. Gamaes, K. Cameiro, K. Schaumburg,
(1994) Calibration, drift elimination and molecular structure analysis. J.
Vac. Sci.Technol. B. 12, 1698-1701
[48] . L. E. C. van de Leemput, P. H.H. Ronden, B. H. Timmerman, H. van
Kempen (1991) Calibration and characterization of piezoelectric elements
as used in scanning tunneling microscopy. Rev. Sci. Instrum. 63, 989
[49] . M. E. Taylor (1993) Dynamics of piezoelectric tube scanners for scanning
probe microscopy" Rev. Sci. Instrum. 64, 154-158
[50] . C. Wei, H. Zhang, L. Tao, W. Li, H. Shi (1996) Compensation method
based on formularizing hysteresis of piezoelectric tube scanners. Rev. Sci.
Instrum. 67 3594
[51] . S. Hudlet, M. Saint Jean, D. Royer, J. Berger, C. Guthmann (1995)
Resonant Atomic Force Microscope. Rev. Sci. Instrum. 66, 2848
[52] . S. Yang, W. Huang (1998) “Three-dimensional displacements of a
piezoelectric tube scanner,” Rev. Sci. Instrum. 69 226
[53] . E. P. Stoll (1992) Restoration of STM images distorted by timedependent piezo driver after effects. Ultramicroscopy 42-44, 1585
[54] . U. Heider, O. Weis (1993) Distortion-free, calibrated LiNb03
piezoscanner for probe microscopes with atomic resolution. Rev. Sci.
Instrum. 64, 3534
[55] . M. Heyde, H, Sturm, K. Rademann (1999) New application for the
calibration of scanning probe microscopy piezos. Surf Interface Anal. 27,
291
[56] . Haycocks and K. Jackson (2005) Traceable calibration of transfer
standards for Scanning Probe Microscopy. Precision Engineering 29, 168175

110

[57] . G. Roe,. L. McDonnell, and A. Ghanem (2004) A method for measuring
the size distribution of latex particles by SFM Ultramicroscopy 100, 319329
[58] . Ultrasharp is a trademark ofMikromasch
[59] . Pointprove is a trademark of Nanosensors
[60] . L Tiefenauer and R Ros (2002) Biointerfaces analysis on a molecular
level. New tools for biosensor research Colloids and Surfaces B:
Biointerfaces 23, 95-114
[61] . Christiane Ziegler and Wolfgang Gopel (1998) Biosensor development.
Current Opinion in Chemical Biology, 2-585-591
[62] . T. Yao et al. (2004) Simultaneous in vivo monitoring of glucose, 1-lactate,
and pyruvate concentrations in rat brain by a flow-injection biosensor
system with an on-line microdialysis sampling / Analytica Chimica Acta
510 53-59
[63] . Van Emon and Lopez-Avila (1992) Immunochemical methods for
environmental analysis. Analytical Chemistry, Vol 64, No. 2.
[64] . L. Clark, C. Lyons, Ann (1962) A new principle for an electrochemical
oxygen sensor. N.Y. Acad. Sci. 102, 29.
[65] . S.J. Updike, G.P. Hicks (1967) The Enzyme Electrode, Nature (London)
214, 986.
[66] . Carrascosa et al.{ 2006) Nanomechanical biosensors: a new sensing tool.
Trends in Analytical Chemisty, Vol 25, No. 3.
[67] . U.E. Spichiger-Keller (1998) Chemical Sensors and Biosensors for
Medical and Biological Applications, Willey-VCH, Weinheim
[68] . Rosenzweig&Kopelman (1996) Glucose detection. Anal. Chem 68:14081413.
[69] . Campbell et al (1993) Antibody based biosensors have been developed
for use in an electrochemical immunoassay for blood. J. Anal. Chem
364:165
[70] . Isola, Stokes&Vo-Dinh (1998) Detection HIV virus.. Anal. Chem.
70:1352.
[71] . D. Diamond (1998) Plant tissues used as plant-based biosensors. Ed.
Chemical and biological sensors; Wiley New York
[72] . Luong et al. (2008) Biosensor Technology: Technology push versus
Market pull Biotechnology Advances 26. 492-500
[73] . Toshikazu Kawaguchi et al. (2008) Surface plasmon resonanee
immunosensor using Au nanoparticle for detection of TNT. Sensors, and
Actuators B 133 467-472
[74] . Namsoo Kim et al. (2008) Sulfamethazine deteetion with direct-binding
optical waveguide lightmode spectroscopy-based immunosensor. Food
Chemistry 108, p.768-773
[75] . Li et al. (2008) An amperometric immunosensor with a DNA polyion
complex
membrane/gold
nanoparticles-backbone
for
antibody
immobilization. Electrochimica Acta 54, 235-241.
[76] . Abd-Elgawad Radi et al. (2009) An electrochemical Immunosensor for
ochratoxin A based on immobilization of antibodies on diazoniumfunctionalized gold electrode. Electrochimica Acta 54, 2180-2184
[77] . N. Moll et al. (2008) Multipurpose Love acoustie wave immunosensor for
bacteria, virus and protein detection. ITBM-RBM 29, 155-161

11

[78] . Joao M. Encama^ao et al. (2007) Piezoelectric biosensors for
biorecognition analysis:Application to the kinetic study of HIV-1 Vif
protein binding to recombinant antibodies. Journal of Biotechnology 132,
142-148
[79] . Briand et al. (2006) Building of an immunosensor: how can the
composition and structure of the thiol attachment layer affect the
immunosensor efficiency? Biosensors and Bioelectronics 22 440-448
[80] . Luppa et al. (2001) Immunosensors-Principles and applications to clinical
chemistry. Clinica Chimica Acta 314, 1-26
[81] . Y. Lee et al. (2006) A self-excited micro cantilever biosensor actuated by
PZT using the mass micro balancing technique. Sensors and Actuators A
130-131, 105-110
[82] . Ando et al. (2008) High-speed atomic force microscopy for nano
visualization of dynamic biomolecular processes Review. Progress in
Surface Science 83, 337-437
[83] . Tamanaha et al. (2008) Magnetic labeling, detection, and system
integration review. Biosensors and Bioelectronics 24,1-13
[84] . Loui et al. (2008) The effect of piezoresistive microcantilever geometry
on cantilever sensitivity during surface stress chemical sensing. Sensors and
Actuators A 147, 516-521
[85] . C. Wang et al. (2007) Ultrasensitive biochemical sensors based on
microcantilevers of atomic force microscope. Analytical Biochemistry 363,
1-11

[86] . Christoff M. Niemeyer (2002) The developments of semisynthetic DNAprotein conjugates. Trends in Biotechnology Vol.20 No.9
[87] . Marquette et al. (2006) Biosensors and Bioelectronics 21, 1424-1433.
State of the art and recent advances in immunoanalytical systems.
[88] . Raiteri et al. (2001) Sensors and Actuators B 79, 115-126.
Micromechanical cantilever-based biosensors.
[89] . Pereira R. (2001) Atomic Force Microscopy as a novel phamacological
tool. Bioehemical Pharmacology 62,975-983.
[90] . Nakamura, R. M., Kasahara, Y., and Rechnitz, G.A. (1992),
Immunochemical assay and biosensor technology for the 1990’s. CHI, 4.
[91] . Ouerghi et al. (2002) Investigating Antibody-Antigen binding with
Atomic Force Microscopy. Sensors and Actuators B.84, 167-175
[92] . O. Filies et al. (1999) Surface Roughness of thin layers, a comparison of
XRR and SFM measurements. Applied Surface Science 141, 357-365.
[93] . D. C. Donose et al. (2006) Effects of cleaning procedures of silica wafers
on their friction characteristics. Journal of Colloid and Interface Scienee
299,233-237
[94] . J. J. Cras et al. (1999) Comparison of ehemical eleaning methods of glass
in preparation for silanizationoscopy images. Biosensors and Bioelectronies
14, 683-688
[95] . G. Roe and L. McDonnell (2009) Quantifying surface modification events
from scanning force microseopy images. Ultramicroscopy 109, 1044-1051
[96] . Wang et al. (2003) Feasibility of protein A for the oriented
immobilisation of immunoglobuiling on silicon surface for biosensor with
imaging ellipsometry Methods J. Biochem. Biophys. Methods 57, 203211

112

[97] . Z. Wang and G. Jin (2004) Silicon surface modification with a mixed
silanes layer to immobilize proteins for biosensor with imaging
ellipsometry Colloids and Surfaces B: Biointerfaees 34, 173-177
[98] . A. Perrin et al. (1999) Immunomagnetie eoncentration of antigens and
deteetion based on a scanning force microscopic immunoassay. Journal of
Immunological Methods 224, .77-87
[99] . L Tiefenauer and R Ros, Colloids and Surfaces B: Biointerfaees 23
(2002) 95-114 Biointerfaees analysis on a molecular level. New tools for
biosensor research
[100] . Pyun et al. (2005) New immobilisation method for immunoaffmity
biosensors by using thiolated proteins. Analytical Biochemistry 347, 227233
[101] . S. Cohen, A. Bitler. (2008) Use of AFM in bio-related systems.
Current opinion in Colloid and Interface Science
[102] . Ikeda et al. (2009) Oriented immobilization of antibodies on a silicon
wafer using Si-tagged protein A. Analytical Biochemistry
[103] . H.-Y. Gu et al. (2001) Direct electron transfer and eharacterization of
hemoglobin immobilized on a Au colloid-cysteamine-modified gold
electrode. Journal of Electroanalytical Chemistry 516119-126
[104] . E. Lamoyi and A. Nisonoff (1983) Preparation of F(ab')2 fragments
from mouse IgG of various subclasses 56, Journal of immunologieal
Methods 235-243
[105] . Bonroy et al. (2006) Comparison of random and oriented
immobilisation of antibody fragments on mixed self-assembled monolayers.
Journal of Immunological Methods 312 167-181
[106] . Zhang et al. (1996) Imaging Biological structures with the Cryo
Atomic Force Microscope. Biophysieal Journal 71, 2168-2176
[107] . Hansma et al. (1999) Varieties of imaging with Scanning Probe
Microscopes. PNAS Vol. 96, No. 26, 14678-14680
[108] . R. Garcia and R. Perez. (2002) Dynamic Atomic Force Microscopy,
Methods Surface Scienee Reports 47, 197-301
[109] . L. Ortega-Vinuesa et al. (1998) Molecular packing of HSA, IgG, and
fibrinogen adsorbed on silicon by AFM imaging. Thin Solid Films 324 ,
257-273
[110] . X. Wang et al. (2008) Dynamic adsorption of monoclonal antibody
layers on hydrophilic silica surface: A combined study by spectroscopic
ellipsometry and AFM/ Journal of Colloid and Interface Science 323, 18-25
[111] . A. Perrin et al . (1998) Atomic Force Microscopy as a quantitative
teehnique: correlation between network model approach and experimental
study. Colloids Surface B: Biointerfaees 11, 103-112
[112] . Allen S. et al. Detection of antigen-antibody binding events with the
atomic force microscope. Biochemistry 1997-V 36
[113] . Willensen et al. (1998) Simultaneous Height and Adhesion Imaging
of Antibody-Antigen Interaetions by Atomic Force Microscopy.
Biophysical Journal 75, 2220-2228
[114] . Cs. Nemes et al. (2002) The unfolding of native laminin investigating
by atomic force mieroscopy Physica A 313, 578 - 586

113

[115] . X. Zhang et al. (2008) Force spectroscopy of polymers: Studying on
intramolecular and intermolecular interactions in single molecular level
Polymer 49, 3353-3361
[116] . Radmacher M. et al. (1994) Imaging adhesion forces and elasticity of
lysozyme adsorbed on mica with the atomic force microscope., e. Langmuir
1994b;735-742
[117] . Hinterdorfer P. et al. (1996) Detection and localization of individual
antibody-antigen recognition events by atomic force microscopy. Proc Natl
Acad Sci USA 1996;93
[118] . Auer et al. (2007) Development of Multiscale Biological Image Data
Analysis Review of 2006 International Workshop on Multiscale Biological
Imaging, Data Mining and Informatics, Santa Barbara, USA. BMC Cell
Biology 2007, 8 (Suppl 1)
[119] . P. Soman et al. (2008) Immunological identification of fibrinogen in
dual-component protein films by AFM imaging. Micron 39,832-842
[120] . H.J. Butter et al. (2005) Force measurements with the Atomic Force
Microscope: Technique, interpretation and applications. Surface Science
Reports 59 , 1-152
[121] . Hierterdorfer et al. (2008) Atomic Force Microscopy in
Biotechnology. Nano Today, Volume 3, Issues 1-2, Pages 12-19
[122] . F. Kienberger et al. (2007) Dynamic force spectroscopy imaging of
plasmid DNA and viral RNA. Biomaterials 28, 2403-2411
[123] . F. Cecchet et al. (2007) Atomic Force Microscope investigation of the
morphology and the biological activity of protein-modified surfaces for bioand immunoscnsors. Anal. Chcm 79
[124] . H..J. Butt et al. (2005) Force measurements with Atomic Force
Microscope: Technique, interpretation and applications. Surface Science
Report 59, 1-152
[125] . J. O’Mahony (1999) Computer based methodologies for on-line
scanning force microscopic detection of immunological binding events.
PhD thesis, Cork Institute of Technology.
[126] . Perrin A., Theretz A. et al. (1998) Thyroid stimulating hormone
assays based on the detection of gold conjugates by seanning force
microscopy. Analytical Biochemistry 256, 200-206

114

Publications
A. Grant, L. McDonnell and E.M. Gil Romero
The behaviour ofpiezoelectric actuators and the effect on step height measurement
with scanning force microscopes
Proceedings of the 6^^ Seminar on Quantitative Methods and
Seminar on
Nanoscale Calibration Standards and Methods, PTB Braunschweig, Germany, Mareh
2004, WILEY-VCH Verlag (2005)
Bausells J, Villanueva G, Perez-Murano F, Vancura C, Lichtenberg J, Volden T, Li
Y, Zimmermann M, Song W H, Kirstein K-U, Hierlemann A, McDonnell L,
O’Farrell C, Grant A, Gil-Romero E.M, Crowley M, O’Mullane J, Sheehan A, Gil
A, Gracia-Lostao A-I, Sotres J
Development of a diagnosis tool based on the measurement of molecular interactions
using CMOS-integratedpiezoresistive microcantilevers
Proceedings of the International Workshop on Nanomechanical Sensors,
Copenhagen (May, 2006)

115

